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INTRODUCTION

The members of the Ovarian Cancer Program of the Mayo Clinic Cancer Center are eternally grateful to
the Department of Defense Ovarian Program for their support over the past four years. Although he
Ovarian Cancer Program officially started in 1991 with Drs. Lynn Hartmann and Robert Jenkins, it was
not until the awarding of the Program Project grant from the Department of Defense that this Program
was officially recognized by the Mayo Clinic Cancer Center. Although the funds provided only support
for some of projects underway within the Ovarian Cancer Program, the Core facilities supported by the
Program Project grant provided a strong focal point for the entire Program. The number of members
who are a part of this Program has grown and we have incorporated new expertises into the Program
including genetic epidemiology, high throughput proteomics, and viral approaches for cancer treatment.
The Ovarian Cancer Program submitted a Specialized Program of Research Excellence (SPORE) Grant
in Ovarian Cancer in February 2003. We built this SPORE Program on the very successful Program
Project grant model and incorporated five projects: (1) Therapeutic targeting of Hsp90-dependent
signaling by Drs. Larry Karnitz and Charles Erlichman; (2) Targeted measles virotherapy for ovarian
cancer by Drs. Kah-Whye Peng and Eva Galanis; (3) SNPs in steroid hormone metabolism: etiology and
outcome by Drs. Richard Weinshilboum and Thomas Sellers; (4) Ovarian cancer screening using
comprehensive proteomics by Drs. David Muddiman and William Cliby; and (5) a project that came out
of Project #1 from this Program Project- H-Sulf-1, apoptosis and drug resistance in ovarian cancer by
Drs. Viji Shridhar and Scott Kaufmann. Directly as a result of the Department of Defense Program
Project grant we had a much larger group of i 1nvest1gators to draw potential translational projects from to
submit with the SPORE application.

There were 10 SPORE applications submitted for the February 1, 2003 Ovarian SPORE. Four of the
applications were deemed non-competitive and were not scored. Three of the SPOREs, including two
previously funded Ovarian SPORE groups received scores less than 200 (160, 176 and 196). Two of the
previously funded SPOREs received scores greater than 200 (210 and 214) and the Mayo Ovarian
Cancer SPORE received a score of 219. The possibility of the Mayo group receiving SPORE funding
from this competition is quite slim, although the National Cancer Institute SPORE staff is currently
considering this. However, in the interim, two of the projects that were part of this SPORE, Project #1
(Hsp90-dependent signaling) and Project #4- High throughput Proteomics, were submitted separately
and both have been funded with outstanding priority scores. Thus, even if the submitted SPORE
application is not funded we have additional members of the SPORE Program with funding for research
in ovarian cancer. In addition several other members of the Program have grants in ovarian cancer that
are currently under review. We will thus be poised for all future Ovarian SPORE competitions by virtue
of having a sufficient base of funded investigators working in and with ovarian cancer.

One of the greatest benefits to having received funding for this Program Project was that it enabled us to
build the infrastructure of the Ovarian Cancer Program. This began within the Administrative Core of
this Program Project Grant and with the help of Dr. Kimberly Kalli we were able to organize our ovarian
tissue resources into a resource of over 1,200 fresh-frozen ovarian samples that have been characterized
for histology and tumor content and that are linked to a relational database containing significant
information on each patient and the clinical course of their disease. Detailed descriptions of the current
tissue repository and the database will be included in the section on the Tissue Procurement Core.

Once we received recognition from the Department of Defense we also received financial support from
the Mayo Clinic Cancer Center to help us continue to grow and develop the Program. We provided
funds to assist both the Administrative Core and the Tissue Procurement Core and also were able to
provide seed money to several young investigators. This led to additional work in ovarian cancer and
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has now translated into additional extramural funding for members of our Program. We were quite
pleased to recently find that two of the Department of Defense Ovarian Idea Awards were awarded to
Drs. Viji Shridhar and David I Smith based upon work that they initiated as part of this Program Project
grant. In addition, Dr. Kah-Whye Peng was able to develop her measles virotherapy approach for the
treatment of ovarian cancer which resulted in an outstanding publication in Nature Medicine and an NCI
supported clinical trial. In addition, as mentioned above, our Proteomics effort (led by Drs. David
Muddiman and William Cliby) has received funding from the R33 mechanism.

Hence, as a direct result of Department of Defense funding we have been able to develop into a strong
extramurally funded program that is just beginning to get national recognition. Our long term goal is to
continue to grow and develop our Program, while at the same time continue to develop collaborations
with the other funded Ovarian Programs, as we have so successfully done in the past four years.

We will now describe the body of the work conducted in this Program Project in each of the three
projects. We will then describe efforts by each of the Cores and how they have supported both the
Program Project grant and the entire Mayo Clinic Ovarian Cancer Program.

e sk ok sk ok ok ok ok ok ok sk skokook ook ook ook sk ok sk o sk ook ook sk sk ok ook ook sk ok s ok ok sk ke sk sk ok sk sk e sk ok

PROJECT #1: DOWN-REGULATED GENES IN OVARIAN CANCER.
DR. VIJI SHRIDHAR, P.I.

INTRODUCTION

The specific goal of this project is to identify genes that are down regulated during the development of
ovarian cancer with an expression based strategy. The two main strategies are 1) In collaboration with
Millennium Predictive Medicine (MPMx, Cambridge, MA), use their 25K ¢cDNA gene expression arrays
to screen for changes in expression of primary ovarian tumors and cell lines; and 2) Generate
suppression subtraction cDNA libraries between ovarian tumors from patients with different stages of
the disease and normal ovarian epithelial cells. In addition to the above two expression-based strategies,
we also did differential display PCR (DD-PCR) of short term ovarian epithelial cells in culture versus
seven ovarian cancer cell lines, five of which were established at Mayo Foundation.

Genes identified from this preliminary screening will be characterized in the following ways:

(A)The expression profiles of down regulated genes will be confirmed by Northern and semi-
quantitative RT-PCR analysis in primary tumors and cell lines.

(B) The down-regulated genes from (A) will be analyzed on a corresponding Southern blot of DNA
from primary ovarian tumors and cell lines to identify any altered bands at the genomic level.

(C)Identify corresponding BAC clones and map it to specific chromosomal regions either by FISH or
by radiation hybrid mapping panel.

(D)Test candidate genes for mutations using high throughput capabilities of denaturing high
performance liquid chromatography (DHPLC).

(E) The final specific aim of this project is to correlate the expression of down regulated genes in a
significant proportion of a large panel of primary ovarian tumors from patients for whom we have
extensive outcome data. This will allow us to determine the clinical significance of alterations in
these genes.

KEY RESEARCH ACCOMPLISHMENTS

o Differential Display PCR was performed on short-term cultures of ovarian epithelial cells (OSE) and
seven ovarian cancer cell lines with three downstream primers and 24 upstream primers. Several
differentially expressed transcripts were identified. One of the down-regulated transcript was
characterized in greater detail. The gene, which mapped to 13q14.1, has partial homology in the
DNAJ domain to a number of proteins with a similar domain and was designated as methylation-
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controlled J protein (MCJ). MCJ has the highest similarity to a functionally undefined protein from
Caenorhabditis elegans. MCJ is expressed as a 1.2-kb transcript in several adult tissues, with testis
showing the highest level of expression. Expression of MCJ was absent in three of seven ovarian
cancer cell lines. Similarly, expression analysis using semiquantitative reverse transcription-PCR
indicated that 12 of 18 primary ovarian tumors examined had either a complete absence or lower
levels of expression of this gene. 5-Aza-2'-deoxycytidine treatment of the OV202 cell line induced
MCJ expression in a dose-dependent manner, implicating methylation in this induction. Loss of
‘heterozygosity and methylation-specific PCR analysis revealed that the loss of MCJ expression in
primary tumors and cell lines was attributable to deletion of one allele and methylation of the other.
To assess the potential functional significance of MCJ down-regulation, the sensitivity of parental
(MCJ-nonexpressing) and MCJ-transfected OV167 cells to antineoplastic agents was evaluated.
MCJ expression was associated with enhanced sensitivity to paclitaxel, topotecan, and cisplatin,
suggesting that MCJ loss may play a role in de novo chemoresistance in ovarian carcinoma. These
observations raise the possibility that MCJ loss may: (a) have potential prognostic significance in
ovarian cancer; and (b) contribute to the malignant phenotype by conferring resistance to the most
commonly used chemotherapeutic agents for ovarian cancer. The manuscript describing these
- results is published in Cancer Research (MS #1: Shridhar et al., 2001, 61:4258-65) is included
in the appendix.

Other differentially expressed transcripts that mapped to Fragile Sites were characterized as part of
Project #3, Common Fragile Sites and Ovarian Cancer. The manuscript describing one of these
genes, PAPPA, was published in Oncogene (Callahan et al., 2003, 22:590-601). In addition, we
analyzed ten genes that were consistently down-regulated in ovarian tumors that were derived from
chromosomal bands known to contain common fragile sites. This analysis revealed that 9 of these 10
genes were indeed present within common fragile sites. This work was published in Genes,
Chromosomes and Cancer (Denison et al., 2003, 34: 406-415). See report on Project #3 for details.

In an attempt to understand early events in ovarian carcinogenesis, and to explore steps in its
progression, we have applied multiple molecular genetic techniques to the analysis of twenty-one
early stage (stage I/II) and seventeen-advanced stage (stage III/IV) ovarian tumors. These techniques
included expression profiling seven each of early and late stage tumors with cDNA micro-arrays
containing approximately 18,000 expressed sequences, and comparative genomic hybridization to
address the chromosomal locations of copy number gains as well as losses. Results from the analysis
indicate that “early stage” ovarian cancers exhibit profound alterations in gene expression, many of
which are similar to those identified in late stage tumors. However, differences observed at the
genomic level suggest differences between the early and late stage tumors, and provide support for a
progression model for ovarian cancer development. The manuscript describing these results is
published in Cancer Research (MS #2: Shridhar et al., 2001, 61:5895-5904) is included in the
appendix.

In order to identify novel tumor suppressor genes involved in ovarian carcinogenesis, we generated
four down regulated suppression subtraction cDNA libraries from two early stage (Stage I/II) and
two late stage (Stage III) primary ovarian tumors each subtracted against cDNAs derived from
normal ovarian epithelial cell brushings. Approximately 600-700 distinct clones were sequenced
from each library. Comparison of down regulated clones obtained from early and late stage tumors
revealed genes that were unique to each library suggesting tumor specific differences. We found 45
down regulated genes that were common in all four libraries. We also identified several genes
whose role in tumor development has yet to be elucidated, in addition to several under expressed
genes whose potential role in carcinogenesis has previously been described. The differential
expression of a subset of these genes was confirmed by semi-quantitative RT-PCR using GAPDH as
control in a panel of 15 Stage I and 15 Stage III tumors of mixed histological subtypes.
Chromosomal sortmg of llbrary sequences revealed that several of the genes mapped to known
regions of deletion in ovarian cancer. Loss of heterozygosity analysis revealed multiple genomic
regions with a high frequency of loss in both early and late stage tumors. In order to determine if loss
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of expression of some of the genes corresponds to loss of an allele by LOH, we utilized a
microsatellite marker for one of the novel genes on 8q and have shown that loss of expression of this
novel gene correlates with loss of an allele by LOH. In conclusion, our analysis has identified down
regulated genes, which map to known as well as novel regions of deletions and may represent
potential candidate tumor suppressor genes involved in ovarian cancer. While some of the genes
identified from these libraries were also identified as down regulated genes by transcriptional
profiling of the same tumor, we identified several known and unknown genes of very low abundance
only in the SSH libraries. The data from the SSH library analysis also revealed that there were many
genes which were differentially expressed in both early and late stage tumors. The manuscript
describing these results is published in Cancer Research (MS #3: Shridhar et al, 2002, 62:262-
270) is included in the appendix.

REPORTABLE OUTCOMES
The expression of the down regulated genes were characterized in the following ways:
(A)By Northern, Semi-Quantitative RT-PCR and Light Cycler analysis —See figures in attached
manuscripts for details (MS #1-5).

Several differentially expressed transcripts were tested for expression analysis both in cell lines
and primary ovarian tumors by semiquantitative RT-PCR and northern based analysis. Over 100
transcripts from all three screens were tested by semiqunatitative RT-PCR analysis with gene
specific primers in a panel of ovarian cancer cell lines. Table 1 on the following page is a partial
list of the genes that showed either a complete loss or lower levels of expression compared to short
term cultures of normal ovarian epithelial cells in at least one or more of the seven cell lines tested
(Manuscripts #2 & #3).

Based on the results presented above, we selected a subset of genes for further analysis based on the
following criteria.
» Using the UCSC genome database (www.genome.ucsc.edu), chromosomal locations of genes were
determined to check if any of the down regulated genes mapped to known regions of deletions in
ovarian cancer '

e Novel down regulated genes that mapped known regions of deletions were further characterized in
detail. In addition, we determined novel regions of deletions for some of these down regulated
-genes [examples include MCJ (MS#1), HSulf-1 (MS #4) and HtrA1 (MS#5)].

o After generating the ORF for genes of interest (for both known and novel genes), using NCBI’s
Conserved Domain Database, we determined protein domains that could potentially be involved in
inducing apoptosis and domains that could modulate signal transduction pathways. These genes
were selected for more detailed functional characterization.



Tablel: Expression levels of selected genes in ovarian cell line panel by Semiquantitative RT-PCR
GENES OSE OV  0V177 OV 0V207 OV OVCAR5 SKOV3 Chromosomal

167 202 266 location
HSD3B1 + - - - - - - - 1p13
CTSK ++ weak weak  Weak ++ + weak + 1921
IGFBPS5 + - - + - - ND ND - 2q33-36
AREG e + ++ - ND ++ + - 4q13-21
Hevin + - - - - - - - 4q22.1
SEPP1 + + + - - + + + 5q31
TCEBIL + - + + + + + + 5q31
SPARC + - - Weak - - - - 5q31
FGF1 + - - - + - - + 5q31
Testican + - + + + - + - 5931
CDC23 ++ weak weak ++ weak  weak weak + 5q31.2
Nesprin-1 + - - + - - — + 6q25
THBS2 ++ weak - - - - - - 6q27
PAII + + - - weak  weak weak + 7921
STAR + - - + - weak - - 8pl1.2
HSulf-1 + + - + - - - - 8q13
GASI ++ + + + - - weak - 9921.3
HtrAl ++ - - + - - + + 10925
Cyclin D2 + - - + - - - - 12p13
EGRI + weak weak  Weak  weak + weak ++ 12q13.3
Decorin ++ - - ++ - - - - 12921.3
FGF7 + - + - - - - 15q15-21.1
PEG 3 + - ++ + - - - - 19q13.4
ITM2A ++ - - - + - - - Xq13.3-21.1
PAPX + - - - - - - - Xq22

(B) Southern Blot Analysis. We tested the following genes at the southern level.

1. HtrAl: A serine protease with a high degree of similarity to HtrA2/ Omi, a member of the
serine protease family with PDZ domain and IGFBP domains. HtrA2 is a proapoptotic
mitochondrial protein. ,

2. PAPX: A novel transcriptional regulatory protein whose expression by RT-PCR and northern
analysis is lost in 90% of cell lines and primary ovarian tumors. PAPX maps to Xq22, a
region of X chromosome inactivation.

3. SYNEI1: A huge protein (>300KD) with several spectrin repeats mapping to 6q25 with loss of
expression in 60% of cell lines and primary ovarian tumors. One of 21 primary ovarian
tumors, OV#13 showed an altered band at the Southern level. Experiments are ongoing to
map the site of this alteration in this tumor. We have seen loss of an allele by LOH within this
gene in >60% of primary ovarian tumors (Manuscript under preparation). On treatment with
the methylase inhibitor 5-aza-2’-deoxycytidine, a dose dependant increase in the transcription
of SYNE1 was observed in cell lines (with loss of SYNEI expression), implicating
methylation as a mechanism for loss of expression.

4. HSulf-1: A novel sulfatase domain containing protein mapping to 8q13, a region which we
have shown is lost in 50% of both early and late stage tumors (MS#3).

5. PEGS3: Paternally expressed gene 3 maps to 19q13. Expression of PEGS3 is lost in 50% of cell
lines and primary ovarian tumors.



Except for SYNE1, we did not detect any altered bands at the genomic level with the down-
regulated genes tested.

Figure: 3° end probe of
SYNE1 was hybridized to
Pstl digested DNA from
primary ovarian tumors and
analyzed by southern blot.
The arrow points to the
altered band in OV13. The
numbers on top of the gel
panel are specific ovarian
tumor samples.
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(C) Chromosomal mapping of corresponding BACS was not performed due to the extensive
chromosomally assigned sequences available as a result of the human genome project. For most of
the genes identified from these screens, chromosomal positions are known.

(D) Mutation screening using DHPLC for selected genes.
For the genes tested, primers within introns, flanking the exons were synthesized and 96 tumors
including 8 ovarian cell lines were amplified. Mutational analysis was performed on the following

genes by DHPLC.
1. MCJ
2. PAPX
3. HtrAl
4. HSulf-1-ongoing.

No tumor specific mutations were seen in the first three genes. Preliminary anlysis of HSulf-1 indicates
homozygous deletions of specific exons in couple of primary tumors. Experiments are ongoing to
determine if these can be validated at the southern level.

(E) Studies of the clinical significance of alterations in these genes are ongoing.
However, we have preliminary data to suggest that the presence of HtrAl and HSulf-1 confers
chemosensitivity. Based on this preliminary data we have generated polyclonal antibodies to both
HtrA1l and HSulf-1. The conditions for immunohistochemistry on paraffin embedded tissues have
been established for both HtrA1 and HSulf-1.

Rationale for testing anti-HtrAl on patient cohorts classified as good and bad responders -
ONGOING EXPERIMENTS

Our laboratory has identified a pro-apoptotic serine protease, HtrAl, as a down regulated gene in
ovarian cancer [Chien, 2003 (MS#5); Shridhar, 2002 (MS#3)]. Our preliminary results indicate that
1) HtrA1 expression is markedly reduced or lost in majority of ovarian cell lines and tumors. 2) More
importantly relevant to this proposal we have shown that HtrAl expression is affected by exposure to
cisplatin. Cisplatin upregulates HtrAl expression in immortalized normal cells within 2 hours of
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exposure. 3) Forced expression of HirAl in ovarian cancer cells leads to auto-catalytic processing of
HtrAl, activation of potent serine protease, destruction of microtubules, severe cytoplasmic reduction,
cell rounding, and apoptosis [Chien et al., Manuscript in preparation]. These results suggest the
possibility that HtrAl may modulate cisplatin sensitivity by mediating cisplatin-induced apoptosis.
Consistent with this possibility, additional experiments have demonstrated that forced expression of
HtrA1 confers cisplatin chemosensitivity (Chien et al., Manuscript in preparation).

Preliminary Results: Within two hours of exposure to indicated stress, HtrAl is upregulated by
cisplatin (CDDP), prostaglandin A, (PGA;) and phorbol ester (PMA) (Figure 1A). Consistent with this
observation, OV167 containing higher levels of HtrAl is more sensitive to cisplatin compared to
isogenic vector transfected cell line (1B) as determined by a clonogenic assay (3).
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Fig 1 A) HtrAl is induced after 15 uM CDDP, 10 pg/ml PGA2 and 10 ng/ml PMA treatment in immortalized normal
ovarian cells in culture (Upper panel: Lanes 2, 6 and 7 respectively). Lower panel: The blot was stripped and probed with
actin to show equal loading. B) Vector and HtrAl transfected stable clones were exposed to various concentrations of
cisplatin for 24 h, washed, and incubated in drug-free medium for 12-14 days to allow colonies to form. Each data point
represents the mean colony count from triplicate plates. Error bars, +1SD. Results are each representative of four
independent experiments with CDDP.

Based on these novel observations, we propose that loss of expression of HtrAl promotes the
survival of cancer cells under cisplatin treatment, and this represents another mechanism of
platinum resistance in ovarian cancer.

We have identified a set of patients with stage III ovarian cancer (serous, endometrioid or mixed
serous/endometrioid) whose clinical responses represent the two ends of the spectrum. At one end of
the spectrum are patients in the good outcome group, with a median time to recurrence (time from
surgery to start of second-line treatment) of 35.5 months. At the other end of the spectrum is the poor
outcome cohort, with a median time to recurrence of 8.7 months. All patients were treated with
paclitaxel-platinum. Tissue blocks from all of these patients were obtained at the time of initial surgery,
snap frozen, and stored in liquid nitrogen.

Our overall approach will be to quantitate HtrAl mRNA by quantitative RT-PCR and determine
whether down-regulation is more common in one group than the other. We are in the process of
extracting RNA and generating cDNAs from these sample sets. An alternative approach would be to
evaluate protein expression using anti-HtrA1 antibody. Staining will be graded into O (no reactivity), 1+
(weakly reactive), 2+ (moderate reactivity), 3+ (strongly positive). To explore the relationship of the
staining with clinical outcome, we will dichotomize the four possible outcomes for staining (0, 1+, 2+,
and 3+) into two groups, high (2+ and 3+) vs. low (0, 1+) or negative (0) vs. positive (1+, 2+, 3+).
Fisher’s Exact test will be used to detect any significant relationships between these dichotomous vari-
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ables and treatment response. With a sample size of 80 patients, 40% with >30 month disease-free
survival and 60% with shorter disease-free survival, there will be 87% power to detect a difference in
incidence of HtrA1 down-regulation of 85% in the poor outcome group vs. 55% in the good outcome

group.

Rationale for testing anti-HSulf-1 on patient cohorts classified as good and bad responders-
ONGOING EXPERIMENTS-

Rationale: Preliminary data presented indicate that HSulf-1 resistance to cisplatin-induced apoptosis
accompanies HSulf-1 downregulation (MS#4).

We hypothesize that HSulf-1 downregulation serves as a marker for patients with particularly resistant
disease. We propose to test the hypothesis that patients who do poorly have tumors with diminished
HSulf-1 expression. For these experiments, we will use the same set of patient cohorts as described for
HtrAl.

We recently generated a polyclonal rabbit serum against HSulf-1 (4647) and tested its specificity on
western blot and paraffin embedded normal and malignant ovarian specimens. Figure 2 shows that the
serum recognizes HSulf-1 protein expressed in baculovirus system. Figure 3 shows that this antibody
also recognizes HSulf-1 protein expressed on normal ovarian epithelial cells. Antibody preincubated
with antigenic peptide attenuated the signal generated by anti-HSulf serum 4647, demonstrating that the
serum is specific to this antigen. In contrast, tumor samples show reduced expression compared to
adjacent normal ovarian surface epithelial cells from the same samples. Although ongoing experiments
are designed to identify optimal conditions for using this reagent, these preliminary results demonstrate
that the anti-HSulf-1 antiserum we have generated is specific for HSulf-1 and is applicable in
immunoblot and immunohistochemical analyses.

KD ‘1 2 3 4

200—

150 —

| |
48 h 72 h

1. Uninfected Sf9 insect cells
2. Wild type baculovirus

3. HSulf-1 baculovirus (1x107 pfu)
4. HSulf-1 baculovirus (1x108 pfu)

5. HSulf-1 baculovirus (1x107 pfu)
6. HSulf-1 baculovirus (1x10 8 pfu)

Fig. 2: Rabbit polyclonal antiserum raised against HSulf-1 peptides recognizes HSulf-1 protein
expressed in a baculovirus expression system. Uninfected Sf9 insect cells and cells transfected with
either wild-type or HSulf-1 expressing baculovirus at different levels of infectivity (1 x 107 or 1 x 10°
plaque forming units per 2.5 X 10 cells in a 60 mm plate) were incubated for 24, 48, or 72 h. The cell
extracts were resolved on a SDS polyacrylamide gel and probed using rabbit polyclonal antiserum raised
against a mixture of two KLH-conjugated HSulf-1 peptides. Two HSulf-1 protein bands were identified
at 130 kDa and 110 kDa. HSulf-1 protein expression increased with increasing amounts of baculovirus
and also with increasing time after viral infection
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Fig. 3: Rabbit polyclonal antiserum raised against HSulf-1 peptides specifically recognizes HSulf-1
protein expressed on normal ovarian epithelial cells in tumor samples and shows reduced
expression in adjacent tumor tissues from the same samples. Immunohistochemical detection of
HSulf-1 with anti-HSulf-1 antibody 4647 (1:1500 dilution) in normal ovaries from patients without
cancer and in ovarian tumors OV3595, OV151. The sections were lightly counterstained with
hematoxylin. Top two left panels, intense staining of surface epithelial cells with anti-HSulf-1 antibody
of normal ovaries 821 and 946 (1:1500 dilution). Top two right panels, immunostaining (at 1:750
dilution) of normal ovaries 821 and 946 with anti-HSulf-1 4647 preblocked for 1 h with 3.5 pg/ml of
HSulf-1 peptide at a ratio of 1:1 (peptide: antibody) used to immunize the rabbits. Notice less to no
immunostaining with peptide preblocked with anti-HSulf-1 4647 in these panels, indicating the
specificity of anti HSulf-1 4647. Bottom two left panels adjacent normal ovarian epithelial cells in
OV595 and OV151 tumor tissues showing intense staining with anti HSulf-1 polyclonal antibody 4647.
Bottom two right panels, neoplastic OV595 and OV151 cells on the same slide show much less
immunostaing with anti- HSulf-1 antibody 4647 compared to adjacent normal cells from the same slide.
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PROJECT #2: Characterization of the Role of Amplified Oncogenes in the Development of
Familial and Sporadic Ovarian Cancer. Fergus Couch, Ph.D.

. INTRODUCTION:

The specific goal of this project was to identify genes that are amplified and over-expressed during the
development of ovarian cancer. The goal was to also use these genes to test the hypotheses 1) that gene
amplification contributes significantly to the development and progression of ovarian cancer, and 2) that
familial and sporadic ovarian tumors have different progression pathways.

To achieve this goal, we proposed the following four major aims:
Specific Aim #1: Assembly of collections of frozen familial and sporadic ovarian tumors.
Specific Aim #2: Assessment of the extent of gene amplification in familial and sporadic tumors.
Specnﬁc Aim #3: Identification of novel amplicons and amplified genes in fam111al and sporadic
ovarian tumors.
Specific Aim #4: Characterization of the oncogenic activity of candidate oncogenes.

BODY:
Specific Aim #1/Task 1: Assembly of collections of frozen familial and sporadic ovarian tumors.

The Mayo Clinic Ovarian tumor Database was screened in order to identify tumors from patients with a
family history of breast and ovarian cancer. We identified 50 ovarian tumors from patients with family
history and an additional 25 high grade serous ovarian tumors for mutation screening of the BRCA1 and
BRCA2 genes. These tumors were screened for mutations in the BRCA1 and BRCA2 genes using a
combination of conformation sensitive gel electrophoresis (CSGE) and dHPLC mutation detection
techniques. Briefly, all exons and splice junctions of the BRCA1 and BRCA2 genes from each tumor
were PCR amplified using 82 different PCR primer pairs and the PCR products were subjected to CSGE
or dHPLC associated heteroduplex analysis. Nine BRCA1 mutations and four BRCA2 mutations were
found. Subsequent sequencing revealed 8 frameshifts, one splice site mutation, 2 in-frame deletions,
and 2 missense mutations. Nine of these were found in tumors from individuals with a family history of
breast and/or ovarian cancer. As expected 6 of the 12 or 50% of individuals with significant family
history of cancer (3 or more cases of breast and/or ovarian cancer) had mutations. Germline DNA was
only available for 4 of these individuals, but was used to show that 3 or the 4 individuals carried the
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BRCA1 or BRCA2 mutations in their germline DNA. Loss of heterozygosity (LOH) studies were not
performed to enrich for tumors with loss of the BRCA1 and BRCA2 loci because of the number with
mutations identified during the mutation screen.

Specific Aim #2/Task 2: Assessment of the extent of gene amplification in familial and sporadic
tumors.

Our goal in this section was to determine the extent of gene amplification in ovarian tumors using
cytogenetic approaches. We performed comparative genome hybridization (CGH) analysis on a series of
25 early and late stage ovarian tumors. Results from this work showed that amplification is generally
restricted to late stage ovarian tumors (Shridhar et al., 2001). Amplification of known oncogenes such as
Cyclin D1 on 11q13, c-Myc on 8q24, AIB-1 on 20q12, ZNF217 on 20q13.2, Cyclin E and AKT2 on
19q12, and PI3KCA on 3q26.3 was detected at a frequency of greater than 10% and validated by
Southern blot. A number of other amplified reglons including 1p, 1q, 8p, 11p, 12p, 16p, and 19p were
also identified. Oncogenes associated with ovarian cancer have not previously been identified in these
regions.

AmpliOnc array studies of the tumors aimed at studying copy number of a series of 164 different
elements including 58 known amplification targets in the human genome were not carried out because
the array reader available at the Mayo Clinic was not capable of scanning the new generation of
AmpliOnc arrays produced by Vysis Inc. However, the success of the CGH technique indicated that the
AmpliOnc Array analysis was not necessary.

We did not pursue CGH studies of BRCA1 and BRCA2 mutant tumors because three other groups were
already known to be conducting this work with large numbers of tumors (Israeli et al., 2003; Hedenfalk
et al., 2003; Ramus et al., 2003). Interestingly, BRCA1 and BRCA2 tumors tend to contain several
regions of amplification that are much less frequently detected in sporadic ovarian tumors. These
include chromosome 5q and 10q that have more frequent amplification in BRCA2 tumors, 9p which has
more frequent amplification in BRCA1 tumors, and 6p, 11q, and 13q that are found more frequently
amplified in both BRCA1 and BRCA2 tumors. In contrast only 3p and 22q are significantly more
frequently amplified in sporadic tumors relative to BRCA1 and BRCA2 tumors. Thus, the candidate
oncogenes that we examined, as described above, would not have shown any difference in frequency of
amplification between BRCA1/BRCA?2 tumors and sporadic tumors.

Specific Aim #3/Task 3: Identification of novel amplicons and amplified genes in familial and sporadic
ovarian tumors.

Our goal in this section was to identify novel amplified and over-expressed genes in ovarian tumors. To
achieve this goal we profiled a total of 78 stage II and III ovarian tumors and 5 normal ovarian epithelial
cell samples on a 30,000 gene expression array in collaboration with Millennium Predictive Medicine
(MPMx). These tumors were part of a study aimed at identifying genes that mediated tumor recurrence
in patients treated with cisplatinum/carboplatinum and paclitaxel. All tumors were surgically removed
prior to chemotherapy. Half of the tumors were derived from women who suffered recurrence of disease
within 18 months and half from women who did not suffer a recurrence for at least 18 months. We used
bioinformatics analysis of the gene expression array data from these tumors to generate moving median
profiles of each tumor by plotting the median expression level of sequential 50 gene sets along each
chromosome. Randomized datasets were used to generate confidence intervals and to identify gene
windows that are likely upregulated by more than chance alone. Our hypothesis was that the 50 gene
windows represent areas of amplification. This hypothems is based on the knowledge that it is very
unusual to find multlple genes within a defined genomic region commonly upregulated. By identifying
peaks on the moving window plot we selected 15 candidate regions of amphﬁcatlon In Table 1 we
identify the candidate oncogenes that are located within these areas.
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It is important to note that this type of analysis only detects aberrant regions and does not accurately
define regional boundaries of amplified regions. Therefore, the regions of actual amplification could be
larger or smaller than the regions defined in Table 1. In addition, we noted that the candidate regions
identified in this process did not coincide well with the regions of amplification identified during our
CGH studies and those of others. To verify that this approach actually identified regions of amplification
we performed Fluorescent In Situ Hybridization (FISH) studies. Tissue Microarrays containing 3 X
0.6mm cores from 48 of the 78 tumors were generated and representative Bacterial Artificial
Chromosome (BAC) probes from four of the candidate regions were selected. These BAC probes were
hybridized to the Tissue Microarrays along with relevant centromeric probes (Vysis Inc.) and a ratio of
BAC probe signals to centromeric signals in 60 nuclei from each core were calculated to determine if
amplification is present. If one of the three cores from a sample was positive then the tumor was
considered amplified. This approach accounts for heterogeneity of amplification in tumors. These
micorarray FISH studies of the 12p (K-Ras), 3q (MCM2), 19q (AKT2), and 20q11.2 (E2F1) candidate
regions of amplification found 15%, 5%, 10%, and 5% amplification respectively. We considered 5% as
equivalent to background levels of amplification. These data suggested that 1) the moving median
technique identifies a large number of false positives and is not useful for selecting regions of
amplification; or 2) the BAC clones chosen for each region may not represent the peak of amplification
within that region. Because of the low levels of amplification of the four chosen candidates we
attempted to verify that these tumors did contain some regions of amplification and that our FISH
technique was detecting regions of amplification. To accomplish this we used probes for CCND1 and c-
Myc to show that these genes were amplified in 20% of the tumors. As these levels are in keeping with
previous studies the suggestion is that there are no technical problems in the experiment. We also
showed that the N-Myc (2p24.1) was not amplified in these tumors.

Unfortunately the outcome of the study was that the Moving Median approach did not identify many
regions of amplification and did not identify regions of amplification that discriminated between tumors
associated with short and long time to disease recurrence.

Array CGH: Because of the high false positive rate for the Moving Median approach, we took a
different approach to identifying amplified regions and genes in ovarian tumors. In collaboration with
Dr. Barbara Weber from the University of Pennsylvania, we profiled 26 of the same group of ovarian
tumors on CGH arrays. These arrays contain 4,000 BAC clones spotted in duplicate on glass slides.
DNA from tumors was fluorescently labeled with cy3 dye by nick translation and mixed in equal
proportion with cy5 labeled normal genomic DNA. The complex probe was then hybridized to the array
and the intensity of fluorescent signal at both the cy3 and cy5 fluorescent ratios for each spot was
measured with an Axon scanner. The fluorescence intensity was normalized to the median intensity
value for each array and the cy3/cy5 ratio was calculated. The log, (intensity ratio) for each BAC was
plotted against the position of the BAC in the genome. Careful analysis of control samples with known
levels of amplification of certain genes determined that the lower boundary for amplification ( 5 gene
copies) using this technique was 0.75, while the boundary for loss of heterozygosity (LOH) or deletion
was -0.75. The Log, (intensity ratio) was used to produce a more uniform spread of the intensity data.
The Weber group has developed CGH browser software to facilitate this process. An example of a plot
is shown in Figure 1. Selected BACs on these plots can be directly linked to the BAC ID and to FISH
mapping data from the Human Genome Project.
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Table 1.
Cytoband Location | Amplified Region - Radiation | Significant genes with respect to cancer

of Amplification Hybrid Map Location
(GeneMap’99)*

Resistance
1p34 110-118 cR3000 AK?2 adenylate kinase 2
MYCLI1 v-myc oncogene
homolog 1
1q 740-777 cR3000
2q 312-340 cR3000
2q22 502-515 cR3000 ARHE ras homolog member E
NMI N-myc (and STAT) interactor
3q 429-451 cR3000 RAB7 RAS oncogene homolog
MCM2 minichromosome maintenance
deficient (S. cerevisiae) 2 (mitotin)
3q 487-542 cR3000
4q 332-419 ¢cR3000 KIT v-kit
GRO2 oncogene v
12p 84-137 cR3000 KRAS?2 v-Ki-ras2 Kirsten rat sarcoma 2
viral oncogene homolog
14q 231-269 cR3000 AKT]1 v-akt oncogene homolog
CCNK cyclin K
16p 23-59 cR3000
19q13.1 - 218.315-238.63 cR3000 Hs.200816 AKT2 oncogene
19p 269-285 cR3000
20ql1.2 198.18-207.61 cR3000 E2F1 transcription factor

Hs.112594 hepatocellular carcinoma-
associated antigen 58

20q13.1 225-267 cR3000 AIB1 regulator of ER

MYBL2 v-myb oncogene homolog-like 2

TOP1 topoisomerase (DNA) 1

CSEIL/CAS chromosome segregation 1

20q13.1-13.2 278-336 cR3000 STK15/BTAK serine/threonine kinase 15

BCASI breast carcinoma amplified
sequence 1

ZABC1/ZNF217 transcription factor

PTPNI1 protein tyrosine phosphatase, non-
receptor type 1

Using this approach we visually identified a number of regions of amplification and loss throughout the
genome of each tumor. Specifically, we identified 44 independent regions of amplification in this set of
tumors. However, the majority of these amplification events were found in less than 10% of the tumors.
A total of 9 regions were identified in greater than 10% of the tumors. These include 8q11, 8q21, 8q24,
18p11, 18q12, 19p12, 19q13.2, 19q13.4, and 20q13. Of particular interest was the c-myc gene in the
8q24 region that was amplified in 40% of the tumors. It was of some concern that none of the well
known tragets of amplification in ovarian cancer were found to be amplified by this approach. In
checking with the Weber group, it was discovered that many of these genes were not represented on the
array. Subsequently, an additional 500 BACs have been added to the arrays to fill large gaps in the
genome and to include important cancer associated genes.

For the purposes of identifying specific genes, we focused our efforts on the 19q13.2 region of
amplification that had been identified in 18% of the tumors. Literature review suggested that this
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amplicon included the AKT2, c-AXL, and XRCC1 candidate oncogenes. FISH analysis demonstrated
that only the AKT2 gene was amplified in >10% of the tumors on the tissue microarrays. However, we
had identified several different amplified BACs from this region of 19q suggesting that there are targets
of amplification other than AKT2 in this area in ovarian tumors. We postulated that the CLG gene
encoding a G-protein coupled receptor activating protein might be one of these targets because this gene
is over-expressed in 30% of ovarian tumors and has oncogenic capacity (personal communication —
Daniel Billadeau). CLG is located 2 Mb distal to AKT2 and 1 Mb proximal to c-AXL. However,
southern blotting of this gene using DNA from10 ovarian cancer cell lines and 25 ovarian tumors did not
detect any amplification. Thus, to date we have not discovered any new targets of amplification in this
region.

This region remains of significant interest and even though this grant is now concluded, we will pursue
our interests here by Southern blotting ovarian tumors and cell lines with 40 different Southern blot
probes derived from genes in this 19q13.2 region in an effort to identify the targets of amplification.
Subsequent molecular studies will be needed to verify if any genes from this region contribute to ovarian
oncogenesis and to the process of tumor recurrence.

CBP: During these array studies we noted that a region on chromosome 16q had LOH in several tumors.
Analysis of the literature determined that this region contained the CBP gene that encodes a
transcriptional co-activator and modulator of p53 activity. CBP has primarily been implicated in cancer
as a target of translocations resulting in hyper-activated fusion proteins. However, the CBP gene is not
known to be a mutational target in ovarian cancer. Because of the LOH we decided to evaluate whether
CBP is mutated in ovarian tumors. To undertake this study we obtained 80 frozen ovarian tumor
specimens from the Tumor Bank of the Ovarian Research Program of the Mayo Clinic. Each tumor
specimen was defined by H+E analysis as containing at least 30% tumor cells. A total of 20 X 10 pm
sections were cut from each tumor by the Tissue Acquisition and Processing Core of the Mayo Clinic
Cancer Center and genomic DNA was prepared by standard techniques. Each genomic DNA sample
was PCR amplified using 35 independent PCR primer sets that covered the entire coding region and
splice sites of the CBP gene (Coupry et al., 2002). PCR products were heteroduplexed. Samples were
subjected to dHPLC analysis (Wavemaker, Transgenomics, Inc.) using optimal melting conditions that
had been established for each PCR product. Samples with altered peak structure were re-amplified from
the original genomic DNA and sequenced in the Molecular Biology Core of the Mayo Clinic to identify
the specific sequence alterations.

A total of four mutations were detected in ovarian tumors, two of which resulted in truncated CBP
proteins (Table 2). Of considerable interest is the finding that the four mutations detected in ovarian
tumors were found in 4 histologically different forms of the disease (Table 3). This suggests that CBP
mutations are not restricted to specific histological subtypes and are relevant to all forms of ovarian
cancer. Immunohistochemistry analysis of sections from these four tumors with antibodies detecting the
N and C-termini of CBP revealed that the tumors containing the deletion mutations had no full length
CBP protein in tumor cells but did express a truncated form of CBP while normal stromal cells showed
normal expression of CBP. This confirms that the tumors with mutations also had LOH of the normal
allele and strongly suggests that CBP is a mutational target in up to 5% of ovarian tumors.
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Table 2. Mutations in the CBP gene in breast and ovarian tumors

MUTATION TUMOR LOCATION PROTEIN AMINO ACID
TYPE SAMPLE DOMAIN CHANGE
Frameshift/Truncation
765delC ov623 Exon 2 N-Terminal TAD L297X
4675delA ovS19A Exon 27 HATD L1548X
Missense
1597G>A ov519A Exon 6 Cys/His-Rich Region 1 and A467T
CREB-Binding Domain
2876C>T BT0167 Exon 14 S893L
3409G>A OVCARS Exon 16 Al1081T
4259C>T ov5l Exon 24 HATD and Al1354V
Trithorax Consensus Finger
6130A>G ov735 Exon 31 GIn-Rich Region and N1978D
C-Terminal TAD
6130A>G B110 Exon 31 GIn-Rich Region and N1978D
C-Terminal TAD
Silent
2151T>C B73, B143, ov519A, B103, Exon 10 CREB-Binding Domain and Y651Y
and ov141 KIX Domain (polymorphism)
2755C>T BT0167 Exon 14 L852L
3171C>T B73 and 0v323 Exon 15 D1049D
5250C>T B78 Exon 30 HATD S17418
5634C>G B93 Exon 31 T1812T
5651G>A ov542, ov985, ov177, Exon 31 HATD V1818V
and OV177 (cell line) (polymorphism)
7047C>T MDA463 Exon 31 S$2283S
7410A>G ov182 Exon 31 E2404E
3-UTR
7552insC B61 Exon 31 3-UTR -
7549T>C UACC812 Exon 31 3’-UTR --
7610C>A B113 Exon 31 3’-UTR -
7631G>A B92 Exon 31 3’-UTR -
Intronic
1VS2-31A>G B80 and B101 Intron 2 -
1VS5-33G>T B81 Intron 5 -
1VS8-39delA B92 and ov69 Intron 8 -
IVS9-24A>G MDAA468 Intron 9 --
IVS17-16delTTT ov647 Intron 17 -
1VS21-8C>T B81, B96, and UACC812 Intron 21 -
IVS27+37A>C ov742 Intron 27 -
1VS27+46G>A ov742 Intron 27 -
1VS28-15C>T B8O Intron 28 -
1VS28-14G>C ov990 Intron 28 -
1VS28-14G>C MDA361 Intron 28 -
1VS28-12C>G ov526 Intron 28 -

Protein domain/function based on: Giles et al 1997 and Vendel & Lumb 2003

HATD = histone acetyltransferase domain

TAD = transactivation domain
KIX = KID-interacting domain
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Figure 1. Amplification on chromosome 3q in an ovarian tumor as detected by gCGH. The log,
(intensity ratio) for each BAC on chromosome 3 was plotted against the relative chromosomal position
of the BAC. Duplicate intensity values for each BAC are plotted. Points of greater than 0.75 on the y-
axis are considered amplified.

Table 3. Pathological characteristics of CBP mutant ovarian tumors

Tumor CBP Mutation Stage Grade  Histology

Ov5l1 Al1354V 1C 2 Endometrioid
Ov519 4675delA 1C 1 Transitional Cell
Ov623 765delC 3C 3 Clear Cell
Ov735 N1978D 3C 3 Serous

Specific Aim #4/Task 4: Characterization of the oncogenic activity of candidate oncogenes.

The goal of this work was to establish the oncogenic activity of amplified genes in ovarian cancer. As
described above, none of our cytogenetic and amplification studies resulted in identification of novel
genes that are amplified at high frequency in familial or sporadic ovarian cancer, although this work is
continuing. However, we did identify the ID-4 gene as a candidate oncogene using our microarray
studies. Basically, supervised clustering of the gene expression array data from the 78 ovarian tumors
with different responses to cisplatinum/carboplatinum and paclitaxel therapy revealed a set of 12 genes
that predicted long time to recurrence of disease within 18 months of surgery (unpublished data). This
may equate with sensitivity to these chemotherapeutic agents within the tumors. We selected the ID-4
gene from this set of 12 because of its role as a transcriptional repressor. Stable expression of ID-4 was
established in NIH3T3 mouse fibroblast cells and Ov202 ovarian cancer cells and was verified by
western blot. Initial growth rate studies using the MTS assay (Clontech) established that over-expression
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of ID-4 enhances cell growth and proliferation (data not shown). We postulate that ID-4 is a novel
oncogene that confers sensitivity to combined cisplatinum/carboplatinum and paclitaxel therapy upon
cancer cells.

While we have now reached the end of this grant, we aim to continue this work by 1) establishing the
oncogenic properties of the gene using anchorage independence soft agar transformation assays, focus
formation transformation assays, and tumorigenesis assays in nude mice; 2) establishing the role of ID4
in confering sensitivity to cisplatinum/carboplatinum and paclitaxel treatment using in vitro clonogenic
survival assays. It is our hope that ID-4 may prove useful as a novel therapy for ovarian cancer through
its putative ability to establish sensitivity to chemotherapeutic agents in tumor cells.

Reportable Outcomes:
Manuscript in Preparation
Ward R, Johnson M, Kalli K, Shridhar V, van Deursen J, Couch, FJ. CBP is an ovarian cancer tumor

suppressor gene.
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Project #3: Common Fragile Sites and Ovarian Cancer- David I Smith, Ph.D.

There were four specific aims to this research proposal. Specific Aim #1: The cloning and
characterization of FRAG6F (6q21) and FRAGE (6q26) as these two common fragile sites are derived
from chromosomal regions that are frequently deleted during the development of ovarian cancer.
Specific Aim #2: The isolation of genes from the FRAGE and FRAGF regions, followed by examining
each of them as potential tumor suppressor genes or sensors of genomic damage. Specific Aim #3: To
perform clinical correlative studies in ovarian cancer with our impressive resource of fresh frozen
ovarian tumors with full clinical follow-up. Specific Aim #4: To characterize aberrantly expressed
genes derived from chromosomal bands containing common fragile sites, and to determine if these
genes do actually reside within the common fragile sites in those bands.
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Specific Aim #1: Characterization of FRAG6F (6q21) and FRAGE (6q26). Our first goal was to
analyze the two chromosomal regions on chromosome 6 that are frequently deleted in ovarian tumors
and that contain two of the common fragile sites, FRA6F (6q21) and FRA6E (6q26). We entered into a
collaboration with the group of Dr. Barbanti-Brodano (University of Ferrara, Italy) as their group was
already working on the FRAGF cloning. We participated in the characterization of the 6q21 region
surrounding FRAG6F which eventually determined that instability in 6q21 extended for at least 1200 Kb.
Contained within this region are a number of small genes, including REV3L, DIF13, FYN, and
LAMAA4. A comparison between the sequence within FRA6F and the published sequences for FRA6E,
FRA16D and FRA3B revealed that there were two regions within FRAGF that had multiple helix
flexibility peaks as determined by the FlexStab Program (1). Molecular markers within the FRA6F
common fragile sites showed the highest loss of heterozygosity in ovarian tumors. Finally, a replicative
senescence gene was localized within the FRAGF region, and a gene associated with hereditary
schizophrenia. All of this work was published in Oncogene (Morelli C et al.,, Cloning and
characterization of the common fragile site FRAG6F harboring a replicative senescence gene and
frequently deleted in human tumors. Oncogene 2002; 21:7266-7276).

We apologize to the reviewers of this proposal but we are going to list the Specific Aims from this
point on slightly out of order. Our rationale for doing this is that we actually performed Specific
Aim #4 right after Dr. Shridhar obtained the transcriptional profiling data at Millennium. It was
the identification of a number of consistently down-regulated genes that mapped within 6q26 and
the FRAGE region that really got us started on the characterization of this common fragile site and
the very interesting Parkin gene. We will therefore describe first Specific Aim #4 which then got
us into finishing up Specific Aim #1 and then going on to Specific Aims #2 and #3. We will
therefore rearrange the Specific Aims accordingly.

Specific Aim #4: Characterize aberrantly expressed genes derived from chromosomal bands
containing common fragile sites.

Transcriptional Profiling of Ovarian Tumors

We collaborated with researchers at Millennium (Cambridge, MA) to gain access to their technology
platform for transcriptional profiling in exchange for supplying clinical samples. The purpose of this
collaboration was to form an academic-industry partnership to gain insights into the pathogenesis of
ovarian epithelial cancer. The Millennium platform utilizes cDNA inserts “spotted” at high density onto
nylon-backed membranes. These membranes, which contained 25,000 (and then later 30,000
independent cDNA clones) are hybridized with **P-labeled cDNA isolated from various tissues, and the
expression of the various cDNAs is assessed.

Our laboratory has been especially interested in the characterization of genes that are expressed in
normal ovarian epithelium, but whose expression is lost during ovarian cancer development. We were
also interested in comparisons between the expression profiles of early-stage versus late stage ovarian
tumors to determine if gene expression analysis could give insights into the dramatic differences in
survival between early and late-stage tumors. We compared transcriptional profiles of 7 early stage
(stage I/IT) and 7 late stage (stage I1I/IV) tumors with HOSE to find that both early and late-stage disease
are characterized by more down-regulated than up-regulated genes. Unexpectedly, however, aberrantly
regulated genes in late stage disease were similarly dysregulated in early stage disease. We have also
analyzed the same tumors that were transcriptionally profiled using comparative genomic hybridization.

This analysis confirmed the results of profiling. The only major difference observed was that gene
amplification was infrequent in early stage disease. This may be very important as instability within the
common fragile sites has been shown to mediate gene amplification events (2).
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The transcriptional profiling analysis of 14 primary ovarian tumors identified approximately 12,000
genes that were at least 2-fold decreased in expression in one or more sampled tumors (3). Among genes
at least 2-fold downregulated were several that have been mapped to common fragile sites, including
FHIT and caveolin-1 (WWOX was not present on the 25,000 gene cDNA arrays utilized by
Millennium). We were, therefore, very interested in whether other CES genes might also be consistently
down-regulated in ovarian cancers. We selected a subset of genes to determine if they localized within
CFS regions. We found that there were 262 genes that were down-regulated at least 2-fold in 13 of the
14 tumors profiled. We selected 10 of these genes based on the following criteria: (A) They were
localized to a chromosomal band known to contain a CFS; (B) There were documented aberrations
within that chromosomal region in at least one malignancy; and (C) The feasibility of scoring breakage
at that specific CFS. FISH analysis was performed on BAC clones encompassing portions of these genes
to determine the positions of these genes relative to their corresponding CFSs. Nine of the ten genes
were determined to localize within seven previously uncloned CFSs. As a result of this work, BACs have

- been identified that cross a portion of the previously uncloned CFSs mapping to 1p31 (FRA1C), 4q12

(FRA4B), 5q11 (4), 626 (FRAGE), 10q22 (FRA10D), 11p15.1 (FRA11C) and 15922 (FRA15A). Three
of the nine genes identified by this work as localized within CFSs (NOEY2, IGF2R, and TSG101) have
already been determined to be putative tumor suppressor genes (5-11).

Specific Aim #1: Characterization of FRAGE. Three of the ten genes chosen were derived from
chromosomal band 6q26. All three of these genes, LPA, PLG and IGF2R, were found to map within the
FRAGE CFS. This CFS is derived from a region that is consistently deleted in multiple tumor types
including ovarian cancer (12-15). As mentioned above IGF2R is a putative tumor suppressor gene (6,7).
The BAC which spanned IGF2R was mapped to the proximal end of FRAGE. A BAC spanning LPA
also mapped to the proximal end of FRAGE, but the frequency of hybridization of this BAC distal to the
region of decondensation/breakage suggested that LPA was located closer to the middle of the FRAGE
region than IGF2R. We decided to characterize the FRAGE CFS further by assembling a contig of
overlapping BAC clones electronically and then using these BAC clones for a FISH-based analysis of
fragility within chromosomal band 6q26. When we had completed this analysis for the FRAGE region,
we found that the entire region where aphidicolin-induced decondensation/breakage occurred was
3.5Mb in size. This is, therefore, another large CFS region.

This 3.5 Mb region contains a number of interesting genes, including all the genes from 6q26 that we
identified as having consistent loss of expression in ovarian tumors using transcriptional profiling. In
addition, there were several other small genes present on the centromeric end of FRAGE that did not
show loss of expression in ovarian tumors. The “center” of FRAGE is spanned by a single very large
gene, which is 1.5 Mb in size. This gene, PARK?2, was identified as being mutated in patients with
autosomal recessive juvenile Parkinsonism (ARJP) (16-17). Interestingly, there are frequent large
mutations in PARK2 observed in some ARJP patients. These deletions occur around exons 3 and 4 of
the PARK?2 gene, which are also in the “center” of the FRAGE region (16,17). The Figure below shows
the entire FRAGE region and the BACs that define it. Also included on this Figure are the various genes
found to map within FRAGE. Finally, we have also included the results of the FISH analysis of
aphidicolin induced decondensation/breakage within this region (showing the number of times that
individual BAC clones hybridize proximal, distal or crossing to the region of breakage).
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LOH at the IGF2R locus (located in the 3° UTR of the IGF2R gene) has been documented in both
invasive and in situ breast cancers, hepatocellular tumors, and squamous cell carcinomas of the lung
(18-19). In addition to the IGF2R locus, microsatellite markers mapping to 6q26 have been associated
with a high frequency of LOH in a variety of different tumor types, including ovarian cancer (12-14).
Therefore, we took microsatellite markers from throughout the FRAGE region and analyzed LOH in
primary ovarian tumors. Percent LOH observed across the eight markers mapping to the FRAG6E region
ranged from 30% (D6S1581) to 72% (D6S1599). LOH analysis of these eight markers identified a
significantly high frequency of LOH at D6S1599 (72.7%) and D6S305 (61.1%) (Figure below). These
markers localize to introns 2 and 6, respectively, of the PARK?2 gene suggesting that PARK?2 was in fact
the target of the instability.
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Specific Aim #2 The isolation and characterization of genes from the FRAGE region.

We next performed semi-quantitative RT-PCR analysis of all 8 genes localizing to the FRAGE region to
determine if PARK2 exhibited the highest loss of expression (LOE) of all the genes in the region.
Contrary to what would be expected for a gene targeted by instability, LOE analysis of these genes
identified SLC22A3 as the gene with the highest LOE (87%) when compared to that of NOSE. Though
PARK?2 was not the gene with the highest LOE, it was down regulated in 39% of the ovarian cell line
and primary tumors analyzed. Additionally, LOE analysis of PARK2 using primers encompassing exons
2 to 6 revealed the presence of alternative transcripts in both ovarian cell lines and primary ovarian
tumors.
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Parkinson’s disease is the second most prevalent neurodegenerative disorder with autosomal recessive
juvenile Parkinson’s disease (ARJP), caused by mutations in the PARK?2 gene, being characterized by an
early onset of Parkinsonism (before the age of 40) (16). Various intragenic homozygous and
heterozygous deletions/duplications and point mutations have been identified in patients with ARJP and

result in either protein truncation or an amino acid substitution (16,17). The figure below identifies the
documented deletions and duplications that have been identified in ARJP patients.
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In particular, variable deletions and duplications have been documented throughout exons 3-8 of
PARK?2. Exons 2-8 of PARK2 span the “center” (most unstable region) of FRA6E suggesting that the
fragility at FRAGE plays a role in ARJP and that PARK2 may play a role in the development of ovarian
cancer. As exons 3-8 is considered to be the “hot spot” for PARK?2 mutations, we designed RT-primers
which produced a product encompassing exons 2-8 of PARK2 to analyze 7 ovarian cell lines and 22
primary ovarian tumors for alternative PARK2 transcripts. Previous alternative transcript analysis of
FHIT and WWOX was performed by nested PCR analysis of cell lines and primary tumors. Because we
observed alternative transcripts using conventional single round (28 cycle) PCR, we opted to merely
increase the number of PCR cycles to 35 rather than perform nested PCR. PCR analysis of the cell
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line/primary tumor panel identified numerous alternative transcripts in both the cell lines and primary
tumors analyzed.

Cell Lines Primary Tumors

Exons 2-8 i

The most important question is expression of the Parkin protein. We used a commercially available

Parkin
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Parkin antibody to measure Parkin expression in several primary ovarian tumors vs. normal ovarian
surface epithelium.

We also performed mutational studies to determine if we could identify any mutations in ovarian tumor
samples. We did observe a few polymorphisms in certain individuals but no bona fide mutations. We
next made primers for each of the Parkin exons and tested a panel of 50 cancer-derived cell lines,
including cell lines derived from ovarian cancers, breast, prostate and pancreatic cancers and
hepatocellular carcinoma. Only a single hepatocellular carcinoma cell line, pLC5, had a homozgyous
deletion of a Parkin exon. Based upon this, we did analyze hepatocellular carcinoma cell lines and found
the complete absense of Parkin protein in any of them.

We used two hepatocellular carcinoma cell lines, pLC5 and Hep3B, to begin to analyze the role that loss
of Parkin expression had on those cells. We generated stable Parkin and Parkin-myc transfectants in the
HCC cell lines and then tested the growth characteristics of cells expressing and not expressing Parkin.
This analysis (shown below) reveals that cells expressing Parkin grew slightly slower than cells that did

not.
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We also tested the sensitivity of the various cells to different apoptosis-inducing agents. This analysis
revealed that expression of Parkin did result in greater sensitivity to specific apoptotic inducers as is
shown below.
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Our next steps, although not part of the original proposal was to begin to characterize Parkin in greater
detail to determine functionally its’ role in the normal cell and how its’ absence might contribute to the
development of ovarian cancer. We utilized the Parkin-myc stable transfectants to immunoprecipitate
other proteins that might interact with Parkin. There is now a great deal of information available on
Parkin substrates in neural cells based upon its association with autosomal recessive juvenile
Parkinsonism, but little information about Parkin substrates in epithelial cells. Parkin is an ubiquitin E3
ligase that ubiquitinylates a number of different substrates. We took the Parkin-myc stable transfectants
and immunoprecipitated proteins that bound to Parkin in the pLC5 cells. This analysis revealed that
cytokeratin 18 was tightly bound to Parkin. Cytokeratin 18 is a key component of the cytoskeleton (in
conjunction with CK8), so we used immunofluoresence to examine the co-localization of Parkin and the
CK8/CK18 present within the cytoskeleton. This analysis revealed that Parkin was indeed co-localized
with the cytoskeleton. Our current theory is that Parkin may be involved in “sensing” cytoskeletal stress

- which may be observed by an increase in misfolded cytokeratins. We are again thankful to the

Department of Defense for their continued support of our work in this area and we hope to demonstrate
that Parkin (and indeed the group of common fragile site genes) works as a stress-sensing network
within normal cells.

Specific Aim #3: Clinical correlative studies.

The goal of the third Specific Aim is to perform clinical correlative studies in ovarian cancer with our
impressive resource of primary ovarian tumors. What we did not specify previously was how we were
going to monitor Parkin expression to correlate that with clinical survival. We very quickly realized that
measuring Parkin mRNA levels was not the most effective means of performing this analysis and that
we should directly measure Parkin protein levels utilizing antibodies. We therefore obtained two
commerical Parkin antibodies and used them to measure Parkin protein expression in a panel of primary
ovarian cancers. Although many ovarian cancer specimens had reduced or absent Parkin expression we
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did not observe any significant clinical correlations between level of Parkin expression and the resulting
clinical phenotype. Our current hypothesis for this observation is that perhaps cancer involves the
inactivation of multiple common fragile site genes. Thus, we might not expect to see a significant
difference between cells that do and don’t express Parkin. What we are just beginning to do (hence this
work is not complete and we don’t yet have an answer to this question) is to measure the expression
levels of multiple common fragile sites together to determine if together they are correlated with overall
clinical survival and response to chemotherapeutic agents.

Key Research Accomplishments

e Participated in the cloning and characterization of FRA6F (6q21). Resulted in a publication in
Oncogene 2002; 21: 7266-7276.

e Cloned and characterized FRA6E, a 3.5 megabase region of instability. Resulted in a publication in
Genes, Chromosomes and Cancer 2003; 38: 40-52 .

o Identified Parkin, as a large common fragile site gene that is frequently not expressed in ovarian

tumors and in other cancers. Resulted in a publication in Oncogene that is currently In Press.

» Found that a number of consistently down-regulated genes in ovarian tumors are actually derived
from within the common fragile sites. This led to the cloning of a number of previously uncloned
common fragiles sites and increased the growing list of common fragile site genes.

» Placing Parkin back into cell lines that do not express it results in slight growth inhibition.

» Parkin expression is associated with greater sensitivity to specific apoptosis-inducing agents.
Identified cytokeratin 8 and 18 as proteins that bind to and localize with Parkin. Parkin may
therefore have an important role in the cytoskeleton.
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University to the laboratory of Dr. Ted Dawson, August 18, 2003.

Large common fragile site genes and cancer. Presented at the Guthrie Research Institute in Sayre,
Pennsylvania, October 17, 2003.

Funding applied for based upon work supported by this award.

National Cancer Institute- A large common fragile site gene, Parkin, and ovarian cancer. We repeatedly
tried to obtain funding for this work from the National Cancer Institute, but could never convince
reviewers that Parkin was indeed an important cancer-related gene. CA-095187.

Department of Defense Ovarian Program- OC030016. PARK?2, a large common fragile site gene, is part
of a stress response network in normal cells that is disrupted during the development of ovarian cancer.
We recently received word that this grant will be funded by the Department of Defense. :

Minnesota Ovarian Cancer Alliance- PARK2, a mutational target in ovarian cancer. Applied to MOCA
and received a $50,000 one year grant to study Parkin and its role in the development of ovarian cancer.

National Cancer Institute- Specialized Program in Research Excellence (SPORE) in Ovarian Cancer
from the Mayo Clinic Cancer Center. David I Smith, Ph.D. was the P.I. on this SPORE application. Our
SPORE was competitive but will probably not receive funding.
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CONCLUSIONS

We have now identified the third very large common fragile site gene, Parkin. Parkin and the FRAGE
region surrounding it have many similarities to two other large gene/active common fragile site regions,
FHIT/FRA3B and WWOX/FRA16D. As more detail becomes available about the functions of each of
these very large, highly conserved genes, it is becoming more and more clear that these genes do indeed
play an important role in cancer development. What we have done is to demonstrate that many of the
alterations observed in FHIT and WWOX in ovarian and many other cancers are indeed observed in
Parkin. These genes are not typical tumor suppressors, as one rarely detects point mutations in these
genes in cancer. However, the instrinsic instability within the common fragile site regions may
predispose these very large genes to heterogeneous deletions and duplications that result in no functional
protein being produced. Although these genes do not have the mutational spectrum of the typical tumor
suppressor what they may share (and this has been demonstrated for FHIT) is that they can functionally
suppress tumor formation. An important point to consider is that there may be a large number of these
large common fragile site genes distributed throughout the genome and each of these may have frequent
deletions and alterations in developing cancer cells. The net effect is that genomic instability within the
common fragile site regions could result in the inactivation of a whole cadre of important cancer-related
genes. Another very important point to consider is that all of our focus has been on the role of the
common fragile sites and the genes contained within them in cancer development. What has not been
examined is the role of this potential “system” in the normal cells. Our hypothesis is that the entire
group of common fragile sites and their genes work to sense cellular stress (at many levels) and so that
they cells can appropriately respond. Our analysis of cancer cells is simply examining this system after it
has broken down. Again, we are very grateful for continued Department of Defense support so that we
can pursue this completely unexplored area of research.
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ACCOMPLISHMENTS OF THE CORES

Administrative Core

Background. The premise of our entire program project grant is that ovarian cancer develops upon a
background of significant genetic alterations and that we can combine several powerful strategies, based
upon a rich tissue repository, to clone many of the genes involved in ovarian cancer development.

Objective. The overall purpose of the Administration Core is to support and oversee the work done by
all three projects and the other three Cores. In addition, the Administration Core functioned to begin to
coordinate all the efforts within the Ovarian Cancer Program of the Mayo Clinic Cancer Center.

Relevance to Ovarian Cancer. There is ample data that frequent genetic alterations underlie the
development of epithelial ovarian cancer. This is the premise underlying our entire program project
grant. The Administration Core integrates all our efforts to (1) determine which of the many genetic
abnormalities are relevant and (2) identify the biologic function of the relevant alterations.

Support Provided to Research Projects by Administration Core. The Administration Core performs
these functions:
1) Provides access to the tissue repository
2) Provides clinical and follow-up data for tissue specimens
3) Links tissue and clinical data via a relational database
4) Provides statistical support to all projects and cores
5) Oversees all projects and cores including budgets
6) Manage all human subject issues
7) Organize meetings of investigators and external advisors
8) Maintain a liaison with educational and outreach specialists within the Mayo Women’s
Cancer Program and the Mayo Clinic Cancer Center
9) Formalize a partnership with representatives of the advocacy community including the
Minnesota Ovarian Cancer Alliance (MOCA). '

In addition, the Administration Core was set up as if we were actually a Specialized Program of
Research Excellence (SPORE) in Ovarian Cancer. Our rationale for this was that this would
position us better to be competitive for SPORE funding from the National Cancer Institute. Thus,
our Administration Core not only coordinated the efforts of the three projects and three Cores,
but we utilized funds from the Mayo Clinic Cancer Center to support other people at Mayo to get
them involved in working on ovarian cancer.

Tissue Acquisition Core
Tissue repository: The Ovarian Program has stored specimens of a variety of ovarian tumors since 1991.

At the present time we have 1,516 ovarian specimens in a fresh, frozen state. This is consistent with our
predicted accrual of 100-125 new ovarian tumor specimens annually. Over 85% of the patients with
epithelial ovarian cancer who entered the study during the funding period have donated a blood
specimen. Dr. Gary Keeney, a pathologist specializing in gynecologic malignancies, has performed
tumor grade and morphology review on the majority of epithelial tumor specimens. The fresh tissues
have been used to prepare RNA and DNA supporting the three projects in this program project grant, as
well as several other IRB-approved studies. In addition, tissue microarrays have been constructed from
paraffin-embedded tumor material maintained by the Mayo Clinic Tissue registry. These arrays have
been used for a variety of immunohistochemical analyses in collaboration with the Mayo Clinic Tissue
Acquisition Shared Resource. This Mayo Clinic Cancer Center facility recently purchased a new digital
imaging system, the Bacus Laboratories Inc. Slide Scanner (BLISS, Lombard IL), and computer servers
that allow more efficient visualization and analysis of stained microarrays. For example, the pathologist
can enter staining results directly on the scréen while observing a specific core on the computer monitor.

34



These data are downloaded directly into a spreadsheet suitable for use by the biostatisticians who
correlate the data with clinical parameters. The servers connected to the imaging system will allow
long-term archiving of the images for future review and publication.

Relational database: We have completed our transition from a SAS-based patient registry to a Mayo
Intranet-based secure clinical database stored on an Ingres database server. All previously abstracted
charts were downloaded directly into the new database and extensively audited to ensure data quality.
New charts are now entered directly into the new database using a platform-independent data entry
system written in Java. This application is made to be portable, allowing the authenticated user to enter
data on virtually any computer from within Mayo Rochester. The new database uses entry forms that
provide multiple benefits over the old system. For example, the categories of data are grouped more
closely based on what would be found proximally in the patient medical record, allowing more efficient
retrieval and entry of data. Data entry forms utilize pull-down menus whenever possible, thereby
reducing the chances of typographical errors. In addition, “impossible” or absent values are immediately
highlighted on the entry page, allowing efficient recognition of the error and timely resolution of the
problem. 879 charts have been abstracted into this database, generally within 1-6 months of the time the
patient has completed chemotherapy after their diagnostic surgery. The study coordinator performs
regular and ad hoc reviews of the medical records of patients in post-treatment follow-up to determine
changes in disease or treatment status, and updates the new database to reflect the new information and
date of review.

In addition to the clinical database, a real-time patient registry database has been constructed that allows
tracking of patients as they enter the system. For example, this registry is used to document whether the
patients have completed their risk factor questionnaire while in the hospital, or if they have requested to
complete it after their hospitalization by phone interview or by mail. It identifies the level of consent
provided by each individual (i.e., permission to utilize their donated biological specimens at Mayo only,
for ovarian cancer research only or also for other health problems). This system has provided an
effective way to track the status of the patients and to prevent study coordinators from asking redundant
questions. In addition, the suitability of a specific patient for any of the IRB-approved studies open at
the time can be checked off at the time of patient entry. This simplifies the process of selecting sample
sets. Finally, checking the registry before approaching patients allows the study coordinators to refrain
from visiting those who have previously declined to participate in the ovarian cancer research
opportunities at Mayo.

Individual users of these registries are authenticated only to the level of access that they require so that
they can perform their job functions (i.e. data entry only vs. permission for data retrieval and viewing).
Both the clinical database and the new patient registry are password-protected, secure systems that are
backed up daily using established Mayo systems and procedures.

Molecular Cytogenetics Core

We were very fortunate to have Dr. Robert Jenkins directing our Molecular Cytogenetics Core Facility.
Dr. Jenkins was responsible for originally starting the Ovarian Cancer Program with Dr. Hartmann in
1991. His group was responsible for much of the work on the characterization of many of the early-
collected ovarian tumor specimens. As previously mentioned we did not request funding from the
Department of Defense to support the Molecular Cytogenetics Core. Instead, this Core is supported by
the Mayo Clinic Cancer Center. However, we still expected the Core to provide support for routine
cytogenetic and molecular cytogenetic services to members of the Ovarian Cancer Program.
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The Molecular Cytogenetics Core provided help and assistance to each of the Projects in this program
project. Dr. Viji Shridhar had already performed transcriptional profiling of a number of early-stage and
late-stage ovarian tumors and we were quite surprised that most of the aberrantly regulated genes in the
late stage tumors were also aberrantly regulated in the early stage tumors. We therefore decided to
perform comparative genomic hybridization of the ovarian tumors in the Cytogenetics Core. Dr. Jenkins
was instrumental in providing help and assistance for this work, and as a result of this analysis we found
that there was one key difference between early- and late-stage tumors. This was that gene amplification
was much more frequently observed in the late stage tumors. This work became part of the seminal
paper that we published on a comprehensive genetic analysis of ovarian cancer.

The Molecular Cytogenetics Core was also utilized by the second project where they began to utilize
CGH to compare genetic and sporadic ovarian tumors. However, Dr. Couch quickly decided to switch to
genomic CGH studies with Dr. Barbara Weber, hence he stopped utilizing our Cytogenetics Core.

The third project, by Dr. Smith’s laboratory relied upon the Cytogenetics Core throughout the entire
program project grant. Each of the common fragile site regions that were characterized (which includes
the entire FRAGE region) were analyzed in the Cytogenetics Core using the outstanding equipment
available there.

Biological Function Core

There are two main functions to the Biological Function Core. The first is to provide ovarian cancer cell
lines and short term cultures of normal ovarian surface epithelium to members of the Ovarian Cancer
Program. This is essential as we need a resource of normal cells to compare to the various cell lines and
primary tumors, especially when we are assaying mRNA or protein levels. The second function is to
provide support for research characterizing the functions of some of the consistently aberrantly regulated
genes that we identify.

Hypothesis: The Functional studies are undertaken to determine whether the genetic alterations
detected in ovarian cancer cells alter the proliferative rate, apoptotic threshold, and/or drug sensitivity of
the tumor cells in vitro and in vivo.

Relevance to ovarian cancer: These activities are designed to (1) provide additional sample and
models that can be used to study the biology of ovarian cancer versus normal ovarian surface
epithelium; (2) to demonstrate how individual genetic alterations contribute to the cancer phenotype and
(3) to potentially identify new gene products that can be investigated as possible therapeutic targets.

Core Facility Support Provided to Research Projects. The Biological Function Core provided normal
ovarian surface epithelial cells and the ovarian cancer cell lines to all three Projects as well as many
other members of the Ovarian Cancer Program. In addition, two of the Projects (Projects #1 and #3)
relied very heavily on the Biological Function Core to assist in the biological characterization of
interesting genes identified by Dr. Shridhar.

The initial studies in the Biological Function Core were on a gene identified by Dr. Shridhar which was
a DNA-J homolog, MCJ. Subsequently each of the genes identified by Dr. Shridhar (and described in

detail in her section) were also analyzed in collaboration with the Biological Function Core.

Dr. Smith also worked closely with this Core to begin to study the role of Parkin and its loss of
expression on the development of ovarian cancer.
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CONCLUSIONS

The members of the Ovarian Cancer Program of the Mayo Clinic Cancer Center are eternally grateful to
the Department of Defense Ovarian Cancer Program for providing us with the resources to kick-start our
program. Although the entire focus of this program project was on the genetic characterization of
ovarian cancer, because of support provided by the Mayo Clinic Cancer Center, we were able to recruit
many more people into working on this poorly understood disease of women. We feel that we have
made significant contributions into understanding the genetics of ovarian cancer development, but we
now also have researchers examining new therapeutic strategies for the treatment of this disease using
measles virus (Dr. Kah-Whye Peng) and a group performing high resolution mass spectrometry analysis
to identify markers for the early detection of this disease (Dr. David Muddiman).

The major scientific accomplishments of this Program Project Grant include the comprehensive analysis
of early- versus late-stage ovarian cancers where we observed that most of the genes that are aberrantly
regulated in late stage disease are similarly dysregulated in early-stage disease. The key difference
observed was that gene amplification (and the corresponding greater genomic instability) is more
frequently observed in late-stage disease. This is highly relevant to the studies on the common fragile
sites, as they have been shown to mediate a number of key processes in developing cancer cells
including gene amplification.

One of the problems with our collaboration with Millennium was that we were not free to share our
expression profiling data with other investigators at other institutions. We therefore entered into a
collaboration with several other funded ovarian cancer groups (including the Ovarian Cancer SPORE at
M.D. Anderson and the early detection ovarian cancer program at Northwestern University) to develop a
database of gene expression in ovarian cancer that could be freely shared with other investigators. We
utilized the Affymetrix GeneChip Platform and performed all the analyses within the Microarray Core
of the Mayo Clinic Cancer Center. This data is currently being analyzed by a number of different
ovarian cancer groups as we had originally planned.

Dr. Viji Shridhar has done an outstanding job of fishing through the large number of genes that were
consistently down-regulated in ovarian tumors. She has demonstrated that several of the genes that she is
interested in do play an important role in key processes within the cell and that their loss of expression
could be very important in ovarian cancer development and in the development of chemoresistance in
ovarian tumors.

Dr. Couch has been less successful with his work to compare genetic to sporadic ovarian tumors due to a
number of technical problems. In spite of this, he has identified several genes that are amplified in
ovarian tumors and several of these may prove to be suitable targets for therapeutic intervention.

Dr. Smith and his group have found a number of important common fragile site genes that are
consistently down-regulated during the development of ovarian cancer. The strategy of finding down-
regulated genes derived from chromosomal bands known to contain common fragile sites has proven
very successful and a number of interesting genes have now been shown to map to common fragile sites.
This includes a number of putative tumor suppressors including IGF2R and tsg101. In addition, the
identification of the large Parkin gene as a common fragile site gene that has frequent alterations in
ovarian tumors demonstrates that many common fragile sites have extremely large genes contained
within them. Dr. Smith’s group has gone on to show that loss of Parkin does result in increased growth
rates and greater resistance to apoptotic induction by certain apoptosis-inducing agents. Finally, his
group has demonstrated that the cytokeratins are substrates of Parkin and that Parkin may play a role in
the cytoskeleton in epithelial cells. As more information is obtained about the three large common
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fragile site genes, FHIT, WWOX and Parkin, it is indeed becoming clear that the genes within the
common fragile sites might indeed be functioning as some sort of stress response network within normal
cells. We are therefore extremely thankful to the Department of Defense for their willingness to support
Dr. Smith’s Idea Grant to characterize Parkin in greater detail and to determine if Parkin is indeed part
of a stress response network in normal cells. -

We feel that we have been very successful in completing most of our stated goals when we first wrote
this program project grant. In addition, to having a better understanding of the complex genetics -
involved in the development of ovarian cancer. Most importantly, we have really evolved into a full
program mostly due to support from the Department of Defense. Our goal over the next few years is to
really impact upon this disease by first developing markers for the early detection of ovarian cancer and
then to develop better strategies for the treatment of this disease based upon knowledge obtained from
understanding the biology of the development of ovarian cancer.
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ABSTRACT

Differential display-PCR between ovarian tumor cell lines and short-
term cultures of normal ovarian epithelial cell brushings was used to
isolate a differentially expressed transcript and its corresponding gene.
The gene, which mapped to 13q14.1, has partial homology in the DNAJ
domain to a number of proteins with a similar domain and was designated
as methylation-controlled J protein (MCJ). MCJ has the highest similarity
to a functionally undefined protein from Caenorhabditis elegans. MCJ is
expressed as a 1.2-kb transcript in several adult tissues, with testis show-
ing the highest level of expression. Expression of MCJ was absent in three
of seven ovarian cancer cell lines. Similarly, expression analysis using
semiquantitative reverse transcription-PCR indicated that 12 of 18 pri-
mary ovarian tumors examined had either a complete absence or lower
levels of expression of this gene. 5-Aza-2'-deoxycytidine treatment of the
0OV202 cell line induced MCJ expression in a dose-dependent manner,
implicating methylation in this induction. Loss of heterozygosity and
methylation-specific PCR analysis revealed that the loss of MCJ expres-
sion in primary tumors and cell lines was attributable to deletion of one
allele and methylation of the other. To assess the potential functional
significance of MCJ down-regulation, the sensitivity of parental (MCJ-
nonexpressing) and MCJ-transfected OV167 cells to antineoplastic agents
was evaluated. MCJ expression was associated with enhanced sensitivity to
paclitaxel, topotecan, and cisplatin, suggesting that MCJ loss may play a
role in de novo chemoresistance in ovarian carcinoma. These observations
raise the possibility that MCJ loss may: (a) have potential prognostic
significance in ovarian cancer; and (b) contribute to the malignant phe-
notype by conferring resistance to the most commonly used chemothera-
peutic agents for ovarian cancer.

INTRODUCTION

The DNAJ proteins are a highly conserved family of proteins with
the Escherichia coli heat shock protein, DNAJ (the human HSP40?
orthologue), as its founding member (1). The defining feature of the
HSP40 family is a highly conserved 70-amino acid residue, termed the
DNAJ domain, that includes a signature tripeptide, HPD, that is
critical for the function of the DNAJ domain (2). DNAJ proteins
belonging to the HSP40 family contain four distinct domains includ-
ing the DNAJ domain, whereas other proteins from this superfamily
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only possess the DNAJ domain (2). J-domains are present in diverse
proteins and participate in complex biological processes. For example,
HSP40 family J-domain proteins serve as cochaperones by recruiting
HSP70 and accelerating ATP hydrolysis (3, 4). The DNAIJ proteins
participate in processes such as protein folding and translocation (5),
cell cycle control by DNA tumor viruses (6-12), and regulation of
protein kinases (13).

In this report, we describe the molecular cloning of a new member
of the DNAJ domain protein family designated as MCJ. Collectively,
our studies demonstrate that MCJ loss is common in human ovarian
cancer, results from the deletion of one allele (LOH) and the silencing
of the other by hypermethylation, and confers resistance to the three
drugs most commonly used in the treatment of ovarian cancer. Here
we show that stable transfectants expressing MCJ in OV167 are more
sensitive to cisplatin, paclitaxel, and topotecan than parental and
vector-transfected controls, implicating MCJ down-regulation in pro-
cesses leading to decreased drug sensitivity.

MATERIALS AND METHODS

Cell Culture. Five of eight ovarian carcinoma cell lines (OV167, OV177,
0OV202, OV207, and OV266) were low-passage primary lines established at
the Mayo Clinic (14), whereas OVCAR-5, SKOV-3, and the PC3 prostate
cancer cell line were purchased from American Type Culture Collection
(Manassas, VA). All cells were grown according to the provider’s recommen-
dations.

Assessment of Methylation Control. The OV202 cell line was treated
with varying concentrations of 5-aza-2'-dC, ranging from 1 to 5 um the day
after plating. After a 48-h exposure to 5-aza-2'-dC, the cells were harvested in
Trizol (Life Technologies, Inc., Rockville, MD) for RNA extraction.

mRNA Differential Display. DD-PCR was performed on the short-term
cultures of normal OCEs and tumor cell lines as described by Liang and Pardee
(15). Total RNA was extracted from the cell lines using Trizol and treated with
RNase-free DNase I to eliminate genomic DNA contamination. Differential
display of the expressed transcripts was performed using the RNA Image kit
(GenHunter Corp., Nashville, TN) according to the manufacturer’s instruc-
tions. Of the several bands identified that were differentially expressed, band
13 was absent in the tumor lane. This band was excised from the gel,
reamplified with T11G and AP6 primers, and sequenced using dye terminator
technology by the Molecular Biology Shared Resource of the Mayo Founda-
tion.

Strategy for Cloning the Gene. BLLAST search of the isolated sequence
identified several homologous ESTs in the database EST. The homologous
ESTs were assembled into a contig with the use of Sequencher 3 (Gene Codes
Corp., Ann Arbor, MI) software. The integrity of the full-length cDNA
obtained by this electronic walking was confirmed by PCR analysis using PCR
primers flanking each junction between EST clones. The entire cDNA contig
was sequenced twice with overlapping primers.

MS-PCR. The methylation state of MCJ was determined using the recently
described technique of MS-PCR (17). DNA was modified with sodium bisul-
fite according to Herman et al. (17) with the following modifications. DNA
(1-1.5 pg) was digested with EcoRI in a 50-ul reaction overnight. The
digested DNA was extracted once with phenol:chloroform:isoamyl alcohol
(25:24:1) and precipitated with 0.1 volume of 5 M ammonium acetate and
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LOSS OF EXPRESSION OF MCJ IN OVARIAN CANCER

100% ethanol in the presence of 1 ul of 20 mg/ml glycogen (Boehringer
Mannheim, Indianapolis, IN). The DNA pellet was washed twice with 70%
ethanol, and the DNA was taken up in 90 ul of 10 mM Tris (pH 7.5) containing
1 mM EDTA (TE buffer). Ten pl of freshly prepared 3 M NaOH were added
to each sample, and the DNA was denatured at 42°C for 30 min. After the
addition of 10 ul of distilled water, 1020 ul of 3.0 M sodium bisulfite (pH 5.0),
and 60 ul of 10 mm hydroquinone, the samples were incubated in the dark at
55°C overnight (16-20 h). Modified DNA was purified using the Wizard
purification system (Promega Corp., Madison, WI) according to the manufac-
turer’s instructions, followed by denaturation with 0.3 M NaOH for 15 min at
37°C. The DNA was eluted in 50-100 ul of TE and stored at —20°C in the
dark.

We sequenced portions of BAC 251N23 and obtained an additional 361 bp
5' of the reported cDNA sequence (GenBank accession no. AF126473).
Restriction site analysis of this additional sequence revealed the presence of a
Smal site 75 bases upstream of the reported cDNA sequence. A pair of primers,
MCIJ-WTEF (5'-CGTGAGCCACCGCACCGGC-3") at 108 bp upstream of the
Smal site and MCJ-WTR (5'-CTTTCCTGACCCCCTTCCG-3') at 86 bp
downstream of the Smal site, were used to detect unmodified DNA. Nucleotide
sequences of primers specific for methylation-mediated, modified DNA were
MCI-MF (5'-CGTGAGTTATCGTATTCGGT-3') and MCJ-MR (5'-CTTTC-
CTAACCCCCTTCCG-3'), which yielded a product of 195 bp. Primers used
for the analysis of unmethylated sequences in the modified DNA were
MCI-UF (5'-GTTTTTAAAGTGTTGGGAT-3') at 101 bp upstream of the
Smal site and MCJ-UR (5-TAAACTTACCTAAACTTTCC-3) at 100 bp
downstream of the Smal site, which yielded a product of 234 bp. The primers
for amplifying unmethylated sequences were specifically chosen not to contain
any CpG-rich sequences at the 3’ end of the primer. PCR was performed by the
“hot-start” method (Taq gold; Perkin-Elmer) with an initial denaturation of 10
min, followed by 30 cycles of amplification at 56°C, annealing with primers
amplifying methylated sequences and 50°C, and annealing for amplifying
nonmethylated/modified DNA with UF/UR primers. Controls without DNA
and positive controls with unmodified DNA were performed for each set of
reactions.

5’ RACE. To obtain the missing 5’ end sequences, 5' RACE was per-
formed with poly(A)* RNA isolated from PC3 cells. Adaptor ligation and
PCR were performed according to the instructions provided in the Marathon
Ready cDNA amplification kit (Clontech, Palo Alto, CA). Primers used for 5’
RACE were 5'-GCAAGTACTCAGCGTAGCGC-3’ and MCJ-nested 5'-
CCGTAGGGACAAACTAGTTACGC-3'.

Northern Blot Analysis. Fifteen pg of total RNA were fractionated on 1.2%
formaldehyde agarose gels and blotted in 1X SPC buffer (20 mm Na, HPO,, 2 mM
CDTA pH 6.8) onto Hybond-N membranes (Amersham, Piscataway, NJ). The
probes were labeled using the random primer labeling system (Life Technologies,
Inc.) and purified using spin columns (100 TE) from Clontech. Filters were
hybridized at 68°C with radioactive probes in a microhybridization incubator
(Model 2000; Robbins Scientific, Sunnyvale, CA) for 1-3 h in Express Hybrid-
ization solution (Clontech) and washed according to the manufacturer’s guidelines.

Semiquantitative RT-PCR. Fifty-100 ng of reverse transcribed ¢cDNA
were used in a multiplex reaction with the forward MCJ-4 (5'-GCGC-
TACGCTGAGTACTTGC-3") and reverse primer MCI-5 (5'-AGATAA-
GACTGTGGTCAATC-3') to yield a 595-bp product and GAPDH forward
(5'-ACCACAGTCCATGCCATCAC-3') and reverse (5'-TCCACCACCCT-
GTTGCTTGTA-3') primers to yield a 450-bp product. The PCR reaction
mixes contained 50 mm KCI, 10 mm Tris-HCI (pH 8.3), 1.5 mm MgCl,, 400
uM concentration of each primer for MCJ and 50 uM for the GAPDH primers,
and 0.5 unit of Taq polymerase (Promega) in a 12.5-ul reaction volume. The
conditions for amplification were 94°C for 3 min and then 29 cycles of 94°C
for 30 s, 58°C for 30 s, and 72°C for 30 s in a Perkin-Elmer-Cetus 9600
Gene-Amp PCR system. The products of the reaction were resolved on a 1.6%
agarose gel. Band intensities were quantified using the Gel Doc 1000 photo
documentation system (Bio-Rad, Hercules, CA) and its associated software.

BAC Library Screening and FISH. MCJ primers (5'-AAGCTCCCT-
GAGGGTCCGCGTTG-3' with 5-GGGTAACGTGTCCCGTGCAAG-3' and
5'-GCGCTACGCTGAGTACTTGC-3" with 5'-GCGTAGCGACCTGCA-
AAT-3') were used for the isolation of two BACs (420G23 and 251N23) by
screening a BAC library from Research Genetics, Inc. (Huntsville, AL) ac-
cording to the manufacturer’s instructions. BAC DNA was extracted from an
overnight 500-ml culture with TIP500 from Qiagen (Valencia, CA) according

to the protocol provided by the manufacturer. The 251N23 BAC was labeled
with biotin-16-dUTP using the Nick Translation kit (Boehringer Mannheim).
FISH analysis was then performed with this labeled BAC clone. Primers used
to determine the exon/intron junctions in the genomic BAC clone by direct
sequencing of the BAC DNA are shown in Table 3.

LOH Analysis of Primary Ovarian Tumors. We used eight pairs of
microsatellite markers on chromosome 13q obtained from Research Genetics
in addition to the MCJ-associated microsatellite (MCI3’NF, 5'-GATTGAC-
CACAGTCTTATCT and MCI18, 5'-TAAGAGGTCTACTCATTGCTCAC).
The markers used in this study are listed in Table 1 along with their chromo-
somal locations. The PCR reaction mix contained 50 ng of genomic DNA, 50
mM KCl, 10 mm Tris-HCI (pH 8.3), 1.5 mm MgCl,, a 200 uM concentration
of each primer, 0.05 ul of [**PICTP (10 uCi/ul), and 0.5 unit of Taq
polymerase (Promega) in a 10-ul reaction volume. The conditions for ampli-
fication were 94°C for 2 min and then 30 cycles of 94°C for 30 s, 52°C-57°C
for 30 s, and 72°C for 30 s in a Perkin-Elmer-Cetus 9600 Gene-Amp PCR
system in a 96-well plate. The PCR products were denatured and run on 6%
polyacrylamide sequencing gels containing 8 M urea. The gels were dried and
autoradiographed for 1624 h and scored for LOH. Multiple exposures were
used before scoring for LOH. Allelic imbalance indicative of LOH was scored
when there was >50% loss of intensity of one allele in the tumor sample with
respect to the matched allele from normal tissue. The evaluation of the
intensity of the signal between the different alleles was determined by visual
examination by two independent viewers (V. 8. and J. S.).

Establishment of MCJ Stable Transfectants. On the basis of the cDNA
sequence of MCJ, two primers were synthesized to amplify a 536-bp fragment
of MCJ from base 367-903 containing the entirc ORF. A Hindlll site was
introduced into the forward primer 5'-CCTGAAGCTTACTAGTTTGTC-
CCT-3' and a BamHI site into the reverse primer 5'GCGGGATCCTTCCT-
TCAGTGTG-3' (restriction sites are underlined in the sequences). The PCR
product was digested with both HindIIT and BamHI, gel purified, subcloned
into the cloning sites of the mammalian expression vector pcDNA3.1(-+)
(Invitrogen, Carlsbad, CA), and transformed into Escherichia coli DH5a (Life
Technologies, Inc.) cells. Mini-preparations of the ampicillin-resistant colonies
were sequenced and verified. Exponentially growing cells of OV167 in
100-mm dishes were washed with serum-free medium and treated with a
mixture of 5 pg of plasmid, 30 ul of LipofectAMINE, and 20 ul of Plus
reagent. After a 3-h incubation, complete medium with serum was added.
Beginning 24 h after the start of transfection, G418 was added to select the
transfectants. Two stable clonal transfectants, MCJ 6 and MCJ 13, were
subsequently generated. For controls, cells were similarly transfected with
vector [pcDNA3.1(+) only] and selected.

Tissue Culture and Colony-forming Assays. Topotecan was kindly pro-
vided by the Pharmaceutical Resources Branch of the National Cancer Insti-
tute. Paclitaxel and cisplatin were purchased from Sigma Chemical Co. (St.
Louis, MO). All other reagents were obtained as described previously (16, 18,
19). Stock (1000-fold concentrated) solutions of paclitaxel and topotecan were
prepared in DMSO and stored at —20°C prior to use. Cisplatin was prepared
immediately before use as a 1000-fold concentrated solution in DMSO.

OV167 cell lines were cultured in MEM with Earle’s salts and nonessential
amino acids containing 20% (v/v) heat-inactivated fetal bovine serum, 100
units/m! penicillin G, 100 ug/ml streptomycin, and 2 mM glutamine (medium
A). Cells were passaged once weekly and maintained at 37°C in an atmosphere
containing 95% air/5% CO, (v/v). To determine population doubling times,
1 X 10° cells were seeded in triplicate 100-mm tissue culture plates, incubated
for intervals between 24 and 240 h, trypsinized, and counted on a hemacy-
tometer. Colony-forming assays were performed as described previously (16).

Table 1 Results of LOH analysis in primary ovarian tumors

% LOH (no. of cases with

Marker 13q LOH/no. of informative cases)

898 14.1 0% (0/10)

325 14.1 35% (6/17)

263 14.1 48% (12/25)

MCJ 14.1 48% (10/21)

1272 14.2 8% (2/25)

887 14.2 25% (2/8)

328 14.3 35% (6/17)

168 14.3 44% (7/16)
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In brief, subconfluent cells were released with trypsin, plated at a density of
4000 cells/plate in multiple 35-mm dishes containing 2 ml of medium A, and
incubated for 14-16 h at 37°C to allow cells to attach. Graded concentrations
of each drug or equivalent volumes of DMSO (0.1%) were then added to
triplicate plates. After a 24-h treatment, plates were washed twice with serum-
free MEM and incubated in drug-free medium A for an additional 14 days. The
resulting colonies were stained with Coomassie Blue and counted manually.
Diluent-treated control plates typically contained 75-200 colonies and served
as a basis for estimates of colony-forming efficiency for the four lines.

Flow Cytometry. Flow cytometry for cell cycle analysis was performed as
reported previously (18). Briefly, cells were grown to 30-40% confluence in
100-mm tissue culture dishes, released by trypsinization, and sedimented at
200 X g for 5 min. All additional steps were performed at 4°C unless otherwise
indicated. Samples were fixed in 50% ethanol, treated with RNase A, stained
with propidium todide, and analyzed by flow cytometry on a Becton Dickinson
FACScan (San Jose, CA) using an excitation wavelength of 488 nm and an
emission wavelength of 585 nm as described (19). Histograms were analyzed
using ModFit software (Verity Software House, Topsham, ME). Cellular
accumulation of topotecan was assessed by FACS analysis as described
previously (20). Briefly, cells grown to 50-60% confluence in 100-mm dishes
were incubated for 1 h in the presence of 20 uM topotecan, trypsinized in the
continued presence of topotecan, and examined by FACS using an excitation
wavelength of 488 nm and an emission wavelength of 585 nm.

Assessment of Cell Viability. To directly assess cell viability, cells were
grown to 30% confluence in 100-mm dishes, treated with 100 nM paclitaxel for
24 h, harvested at the indicated time points, and assessed for either their ability
to exclude trypan blue or apoptotic morphology by staining with Hoescht
33258, as described previously (16, 18). Floating and adherent cells from each
dish were combined prior to evaluation with trypan blue or Hoescht staining.

Statistics. Reliabilities of differences in sample means (statistical signifi-
cances) were calculated using the ¢ distribution (two-sided) and pooled esti-
mates of sample variances.

RESULTS

Isolation and Characterization of a Novel cDNA Containing the
DNAJ Domain. We performed DD-PCR with primers HT11G and
AP6 from the RNA Image kit (GenHunter Corp.) against low-passage
cell lines established from primary ovarian tumors and short-term
cultures of normal OCEs. Several fragments were isolated. One frag-
ment (13) was expressed exclusively in the normal cell line and absent
in three of seven tumor cell lanes. This band was isolated from the gel
by standard procedures, reamplified with the same set of primers, and
sequenced. Comparative sequence analysis of this fragment using the
BLAST alignment revealed that the 150-bp fragment showed consid-
erable homology to several ESTs. Computer-based walking with the
available ESTs (National Center for Biotechnology Information/

MC: LIAVGLGVAALAFAGRYAFR--~-IWKPLEQVITETAKKI STPSFSSYYKGGFEQKMSRR 95
LI GLG+AA+ F RY R I K+E +’ ++  +FS+YY+GGF+QRMSR
C. elegans:  LTVAGLGLAAVGFGARYVLRNQALIKKGMEAI - ==~~~ PVAGGAFSNYYRGGFDQKMSRA 58
MC): EAGLILGVSPSAGKAKIRTAHRRVMILNHPDKGGSPYVAAKINEAKDLLETTKH 149
EA- ILGV4+PSA AKI+ AH++VMI+NHPD+GGSPY+AAKINEAKDL+E++
C. elegans:  BARKILGVAPSAKPAKIKEAHKKVMIVNHPDRGGSPYLAAKINEAKDIMESS 110

Fig. 2. GAP-BLASTP alignment of MCJ (residues 40~149) with a DNAJ-like protein
from C. elegans (GenBank accession no. U80438; cDNA CEESDG64F). Double underline,
J-domain. Underline, predicted transmembrane domain. +, a conservative substitution.

BLAST) using Sequencher 3 software generated a contig of 720 bp of
sequence.

Analysis of this sequence for the presence of an ORF with the
National Center for Biotechnology Information ORF search revealed
a protein with a predicted ORF of 150 amino acids (Fig. 1). A BLAST
search of protein sequences (GAP-BLASTP; Ref. 21) revealed that
this putative protein had the highest homology to a C. elegans DNAJ
containing M, 16,500 protein of unknown function (GenBank acces-
sion no. U80438 and cDNA CEESD64F), and this homology ex-
tended beyond the DNAJ domain. The alignment of the putative
protein encoded by the isolated sequences and CEESD64F (Fig. 2)
showed 56% (63 of 112) identity and 73% (83 of 112) overall
similarity. These two proteins are similar in two respects. In contrast
to the majority of DNAJ-containing proteins, both MCJ and
CEESD64F contain their DNAJ domains in the COOH-terminal half
of the protein. In addition, both have a potential membrane-spanning
domain (between residues 36-58 in MCJ and residues 5-23 in
CEESD64F) at the NH, terminus of each respective protein (Fig. 2).

Expression of MCJ in Ovarian Tumor Cell Lines and Normal
Tissues. Primers MCJ1 (5'-TAACTAGTTTGTCCCTA-3’) and MCJ2
(5'-CAGTGTGGTCCTTAAGC-3") were synthesized based on the
720-bp sequence flanking the ORF. RT-PCR was performed on short-
term cultures of normal OCEs and epithelial cell brushings from
patients without cancer (Fig. 3A) and seven ovarian tumor cell lines
including OV167, OV177, OV202, OV207, OV266, OVCARS, and
SKOV3. With the exception of OV167, 0V202, and OV266, all other
cell lines amplified the expected 540-bp fragment (Fig. 3B). Northern
blot analysis confirmed the results obtained with RT-PCR (Fig. 3C).
The probe used for Northern analysis was the full-length ORF probe
generated by RT-PCR in the normal cell line. Expression analysis
with the multiple-tissue Northern blot revealed that MC]J is expressed
as ~1.2-kb message in all tissues examined (data not shown). Testis
showed the highest level of expression, whereas expression in other
normal tissues, including adrenal gland, total brain, fetal brain, kid-
ney, lung, pancreas, prostate, and uterus, was much lower.

GGTCﬂGGHﬂHGCTCRGGCRHGCCCRCCCTCHGBCHTTRCﬂGCTHGﬂCTCCGﬁGCTTHCTGBGCHGTCHTCTGHTTC 75

Fig. 1. ¢cDNA nucleotide sequence and the pu-
tative protein sequence of MCJ. Highlighted, trans-
membrane domain at the NH, terminus and DNAJ
domain at the COOH terminus of the protein.
Boxed, signature tripeptide (HPD). Underlined,
polyadenylation signal. Small arrowheads, posi-
tions of the introns.

GRCCRACATCAGTTCGCAGGGCT TARGCCCAGTCCCTTACGGCEGCTGGG6AGEEACCRGGCCCARBTATATARAGCTCCCTGAGGETCC 164
GCOTTECTTTGCGCCTGTBAGTOTGRT TCARGARCGTCCCAGTGCCLTTG6CTCETTTCEGRETETGALCCCETGLTTGCACGEGACAC 253
G6TTRCCCAGCTCOGGTGAGAAGEGTATCTTCCGOGRACCTCGCCTTTAATAGCACARCGAGCOCACGGCCCCCTGORTCTGCORGARGER 342
TCTGCGAGRAGRARCCGCGCTAACTAGTTTGTCCCTACGECCECCTCGTRAGTCACTGLCOCEGCGCCTTGRGTCTCCGGGCCGCCTTGLE 431
ATGGCTGCCCGTGGTETCATCGCTCCRGTTGECGAGAGT TTGCGCTACGCTORGTACT TECAGCCCTCGECLARRCGGCCABACGECHAC 520
mAARGUIARPUGESLRYAREYLOQPSAKRPIDRDSID
GTCGACCAGCAGGGACTCGTARGRRGT TTGRTAGCTGTAGGACTGOGTGTTGCAGCTCTTGCATTTOCAGGTCGCTACGCATTTCOOATC 609
UDQOGLURSLIAUGLGURRALAFAGRYRFRIG
TGGARACCTCTAGRACARGTTATCACAGARACTGCAARGARGATTTCRRCTCCTAGCTTTTCATCCTACTATARAGGAGGATTTGAACAG 698
WKPLEGQU I TETRKEKI'ISTPSFSSVYVYKSGEGFETQH?I0
AARATGAGTAGGCGAGARGCTGCTCT TATTTTAGGTOTARGCCCRTCTGCTGECARGGCTRAGAT TAGARCAGCTCATAGGAGRGTCATG 787
Kh$RREARGLILBUSPSAGKREKIRTAHERR BRURHNID
ATTTTGARTCACCCAGATARAGGTGGATCTCCTTACGTAGCAGCCARRATARATGAAGCARARGACT TGCTAGRARCARCCACCRARCAT 876
I Lt N K 6 6 S P Y URAKINEAKDLLETTTEKHISO
rgaTscTrancsnccncacrcaaesnnaaaaanncassesaCTrccaaannaaﬂaannscccrscnnaarawtcranaacntosrcrrcr 965

TRRTTTTCTRTRTGGRTTGACCACAGTCTTATCYTCCACCATTRAGCTGTATARCRATARARATGTTARTAGTCTTGCTTTTTATTATCTT 1054
TTRRAGATCTCCTTARRTTCT 1076
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Fig. 3. A, agarosc gel showing the products of the MCJ ORF region. Lanes I and 2,
normal epithelial cell brushings from patients without cancer. Lane 3, short-term cultures
of normal OCEs. B, agarose gel showing the products of the MCJ ORF region by
semiquantitative RT-PCR in the ovarian cell lines. Lane I, OV167; Lane 2, OV177; Lane
3, OV202; Lane 4, OV207; Lane 5, OV266; Lane 6, OVCARS; Lane 7, SKOV3; Lane 8,
water control. The lane to the left of Lane 1 is a marker. C, autoradiograph showing the
Northern hybridization results in the same cell lines (with MCJ ORF as probe) as in A.
Lane 1, OV167; Lane 2, OV177; Lane 3, OV202; Lane 4, OV207; Lane 5, OV266; Lane
6, OVCARS; Lane 7, SKOV3. D, tubulin hybridization of the corresponding samples.
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Fig. 4. Agarose gel showing the products of semiquantitative RT-PCR resolved on a
1.6% agarose gel. Sample numbers are indicated at the top of the figure, and the staging
information for these tumors is indicated above the tumor numbers. M, 100-bp ladder. Top
band, product of amplification with MCJ-4 and MCJ-5 primers. Bottom band, product of
amplification with GAPDH primers F and R. Ratio of the band intensities of MCI:
GAPDH in pixel density are shown below each lanc.

Cloning the Full-Length cDNA by 5’ RACE. The cDNA gener-
ated by EST-based walking was 720 bp in length. This cDNA con-
tained a polyadenylation signal, AATAAA. However, the size of the
transcript estimated by Northern analysis was 1.2 kb. To generate
the missing 5’ end of this cDNA, 5" RACE was performed with the
Marathon Ready cDNA kit using RNA isolated from PC3 cells under
conditions recommended by the manufacturer. We obtained an addi-
tional 354 bp of sequences with 5" RACE. Reanalysis of the 5" RACE
sequences revealed that the ORF generated from the original 740-bp
sequence was not changed (GenBank accession no. AF126743). In
addition, the putative initiation codon occurs within a strong Kozak
context (22) and is preceded by a stop codon (Fig. 1).

Expression Analysis of MCJ in Primary Ovarian Tumors. To
determine whether MCJ was expressed in primary ovarian serous
adenocarcinomas, we analyzed the expression of MCJ in 18 stage III
and 3 stage IV serous ovarian carcinomas by a semiquantitative
RT-PCR analysis using MCJ primers MCJ-4 (5'-GCGCTACGCT-
GAGTACTTGC-3’) and MCJ-5 (5'-AGATAAGACTGTGGTCA-
ATC-3'; expected product size of 595 bp). GAPDH primers served as
controls. We found that there was complete loss of MCJ expression in
5 of 15 stage III tumors and in 2 of 3 stage IV tumors. Also, 4 of 15
stage IT and 1 of 3 stage IV tumors showed lower levels of MCJ
expression (representative examples are shown in Fig. 4). Taken
together, two-thirds (12 of 18) of the primary ovarian tumors showed
either loss or diminished levels of expression by semiquantitative
RT-PCR analysis.

LOH Analysis MCJ in Primary Ovarian Tumers. Sequencing a
portion of the 420G23 BAC revealed a dinucleotide repeat consisting
of 14 CA repeats ~80 bases downstream of the 3’ end of MCJ. We

made primers (MCJ3'NF and MCJ18) flanking this repeat and found
that this sequence was polymorphic in humans. We then performed
LOH analysis with this new microsatellite in the primary ovarian
tumor samples that showed lower levels or absence of expression of
MCJ. In the tumors tested, this marker was 75% informative. None of
the benign tumors but 48% of the high-stage tumors showed loss of
this marker (Fig. 5).

To further delineate the region of loss, we analyzed seven other
markers (D135263, D13S325, DI135898, DI13S1272, DI135887,
D135328, and D135168) for LOH in these tumors (see Table 1 for
band location and LOH data). According to the LDB database (Ge-
netic Location database at Southampton, United Kingdom), markers
D1351272 and DI135887 map to 13q14.2, whereas D135328 and
D135168 are in 13q14.3. The closest marker to the MCJ marker is
D135263 (in 13q14.1), which is 100-kb distal to MCJ (23). The next
highest frequency of loss was seen with the markers D735328 and
DI135168 in 13q14.3, which are in close proximity to the esterase D
locus. These two markers are 10 ¢cM away from DJ35263.

Transcriptional Induction in the OV202 Cell Line by S-aza-
2’-dC Treatment. Because there was an absence of expression of
MCJ mRNA in the OV202 cell line by both RT-PCR and Northern
analysis, we were interested in whether methylation of this gene
resulted in absence of its expression in this cell line. Therefore, we
treated the OV202 cell line with the methyltransferase inhibitor 2'-
deoxy-5-azacytidine to determine its effect on the transcription of the
MCJ gene. After 2-day exposure to concentrations of 5-aza-2'-dC
ranging from 1 to 5 puM, RNA was extracted from control and
subjected to RT-PCR to assess MCJ mRNA expression. There was a
dose-dependent increase in the expression of this message after treat-
ment with 5-aza-2'-dC (Fig. 6), which is an inhibitor of DNA meth-
yltransferases (24, 25). Because the reexpression of this message
seems to be linked to the methylation status of this gene or to some
other regulatory gene controlling the expression of this gene, we
named this gene MCJ.

MS-PCR of MCJ in Cell Lines and Primary Tumors. On the
basis of the results obtained with 5-aza-2'-dC, we tested cell lines
lacking MCJ expression for CpG island methylation using MS-PCR
(17). To distinguish unmodified from modified DNA, primers that
encompassed regions containing multiple cytosines were chosen. In
addition, restriction site analysis revealed the presence of rare restric-
tion sites, such as Sacll and Eagl, in these regions. Thus, CpG pairs

97 124 282 332 202
N T N T \ N T N T N T

Fig. 5. Autoradiograph of LOH results of selected tumor samples with the MCJ-
associated marker. For each panel, the tumor number is shown above the rule. N, normal
DNA; T, tumor DNA. Arrow, loss of allele in the tumor.

<4 MCJ

4— GAPDH

Fig. 6. Agarose gel electrophoresis of RT-PCR amplification product of GAPDH and
MCJ ORF region in OV202 cell line after 5-aza-2'-dC treatment. Lane I, control untreated
0OV202; Lanes 2-5, 0.1, 0.5, 1.0, and 5.0 pM 5-aza-2'-dC, respectively; Lane 6, water
control.
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near the 3’ end of the primers could provide maximum discrimination
between methylated versus unmethylated sequences. Primers (wild-
type, methyl-specific, and primers that would amplify unmethylated
sequences) were synthesized flanking these restriction sites at nucle-
otide position 331 and at nucleotide position 484 of the MCJ cDNA
sequence to amplify a 154-bp product. PCR amplification of bisulfite-
modified DNA with these methyl-specific primers yielded a product
both in matched normal (WBC) and tumor DNA. Sequencing of these
products revealed no differences in the methylation status of either the
Sacll, Eagl, or other CpG sites within this sequence between the normal
and tumor samples. This indicated clearly to us that the methylation
site specific for lower levels of expression was probably present 5 to
this sequence.

To check for other potential CpG sites, we sequenced the BAC
251N23 and obtained an additional 361 bp of sequences. Restriction
site analysis of this additional sequence revealed the presence of a
Smal site 75 bases upstream of the reported cDNA sequence. Primers
were designed to amplify the methylated and unmethylated sequences
at this position, as described in “Materials and Methods.” Using this
set of primers, we amplified methylation-specific products both in
normal and tumor DNA (data not shown). However, sequencing these
products with the reverse primer revealed that the Smal site showed
the presence of both methylated unconverted Cs as well as Ts (Gs and
As, respectively, in the sequence Fig. 7, A and D) in all of the normal
blood DNA samples. In tumor samples expressing MCJ (tumors 183
and 270), only the unmethylated fully converted Ts (A in the opposite
strand) are seen. Panels B and C in Fig. 7 show the sequence of the
MS-PCR product amplified with methyl-specific primers in the blood
and tumor DNA, respectively, of patient 183. In tumor samples with
complete loss of MCJ expression (tumors 202, 220, 332, 485, 97, and
107), only the nonconverted methylated Cs (G as seen in Fig. 7E)
were visible at the Smal site. The sequence of the MS-PCR product
amplified with methyl-specific primers in the blood and tumor DNA,
respectively, of patient 485 is shown in Fig. 7, D and E. In addition,
in tumor samples with complete loss of MCJ expression, we saw the
loss of the other allele by LOH (Fig. 7E, inset, for tumor 485). Table
2 lists the results of the RT-PCR expression analysis, along with the
MSP-PCR results and LOH status, in 18 high-stage tumors with and
without the loss of expression of MCJ. In tumors 202, 220, 332, 485,
and 107 (which have all lost MCJ expression), there is a loss of one
allele (LOH analysis) and loss of expression of the other allele,
attributable to methylation in the same tumor. In tumors with lower
levels of expression (tumors 121, 124, 323, and 282) or normal MCJ
expression (tumors 183, 417, and 531), we did not see LOH of the
MCJ allele (Fig. 7C, inset). This marker, however, was uninformative
in some of the samples. In tumors 183 and 270, the presence of a clear
RT-PCR product also corresponded with the presence of only un-
methylated alleles at this site (Fig. 7C). In samples with lower levels
of expression and no LOH, the presence of both methylated and
unmethylated alleles was seen at this site (Table 2).

Genomic Organization and FISH Mapping of MCJ. We iso-
lated two different BACs by screening the Research Genetics BAC
pools. Sequencing of these two BACs with cDNA-specific primers
revealed that the coding region of MCJ is interrupted by introns. We
assembled the exonic sequences to the sequence of the BAC 335G18
that was available on the HTGS database. MCJ spans ~83 kb of
genomic DNA and is interrupted by five introns. The primers span-
ning the intron/exon sequences are listed in Table 3. The 3’ end BAC
421G23 was used to map MCJ to chromosome 13ql4.1 by FISH
analysis (data not shown). This mapping reconfirmed the EST-based
mapping of one of the ESTs (AA812596) used to build the cDNA
contig.
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Fig. 7. A, 5’ end sequence of MCJ. Underlined, Smal site. B-E, sequence of the
MS-PCR product amplified with methylation-specific primers (B and D, in the blood of
patient 183 and 485, respectively). Arrow, presence of both methylated and unmethylated
alleles at the Smal site. C, tumor of patient 183. Arrow, presence of only unmethylated
alleles at the Smal site. Left inset, result of semiquantitative RT-PCR of MCJ and GAPDH.
Notice the expression of MCJ in the tumor. Right inset, result of LOH analysis of this
marker in this tumor. E, tumor of patient of 485. Arrow, presence of only the methylated
allele at the Smal site. Left inset, result of semiquantitative RT-PCR of MCJ and GAPDH.
Notice the absence of expression of MCJ in the tumor. Right inset, result of the LOH
analysis of this marker in this tumor. Notice that there is LOH of this marker in this tumor.
Because the products of the MS-PCR were sequenced with the reverse primer only, the
observed Gs and As correspond to Cs and Ts in the opposite strand.

Mautational Analysis of MCJ in Primary Tumors. Primers (Ta-
ble 3) were synthesized from intronic sequences flanking individual
exons. Individual exons were amplified from matching blood and
tumor DNA from several patients and sequenced directly to check for
mutations within the coding sequences. Whereas several sequence
polymorphisms were seen, no tumor-specific mutations were detected
in any of the exons.

Functional Analysis of MCJ in OV167. A parental MCJ-nonex-
pressing primary ovarian carcinoma cell line (OV167), vector trans-
fected control, and two stable MCJ clones (6 and 13) were tested for
the expression of MCJ by semiquantitative RT-PCR. Only the two
MCJ transfectants expressed the MCJ transcript (Fig. 84). Examina-
tion of the four OV 167 lines demonstrated no consistent differences
between MCJ-high (clones 6 and 13) and MCJ-nonexpressing
(OV167 and empty vector transfectant) lines with respect to doubling
time (i.e., proliferation rate). In particular, doubling times for the
parental OV167 and the vector control were 5.0 and 3.0 days, respec-
tively, whereas doubling times for the two MCIJ transfectants (clones
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Table 2 Results of RT-PCR, LOH, and MSP analysis in high-stage tumors

MSP
Sample Stage RT-PCR LOH Smal site

98 m + - NT*
183 ur + - UNM
209 Ul + Ul NT
270 I + Ul UNM
417 11 + - M/UNM
531 I + - NT
121 I L - M/UNM
124 1 L +< NT
285 m L &) M/UNM
305 i L Ul M/UNM
323 i L ul M
282 v L - M/UNM
202 m - + M
220 1 - + M
332 1 - + M
485 I - + M

97 v - + M
107 v - + M

9 NT, not tested; L, lower levels of expression; Ul, uninformative; M, methylated Smal
site; UNM, unmethylated Smal site; M/UNM, presence of both methylated and unmethy-
lated allele at the Smal site.

b 4, the presence of a product in RT-PCR.

¢+, LOH.

6 and 13) were 3.0 = 1.0 and 3.5 = 0.5 days, respectively (not
significant). Colony-forming efficiencies were also similar in the
MCIJ-nonexpressing (OV167, 5.33 = 1.1%; vector control, 2.95 *
0.83%) and MCIJ-high (clone 6, 0.95 * 0.62%; clone 13,

2.55 + 0.84%) lines (not significant), although transfection tended to
somewhat reduce colony-forming ability of the parental line.

Despite the above similarities, the four lines displéyed clear differ-
ences in their sensitivities to paclitaxel, topotecan, and cisplatin, as
assessed by colony-forming assays. The two MCJ-nonexpressing lines
displayed ICs4s that were 3.5-fold higher for paclitaxel (P < 0.005;
Fig. 8B), 2.2-fold higher for topotecan (P << 0.0005; Fig. 8C), and
2-fold higher for cisplatin (P < 0.005; data not shown) than the ICs4s
of the MCJ-expressing lines (clones 6 and 13).

To confirm that the observed differences in colony formation were
reflective of differences in cell killing, we also examined the sensi-
tivities of the lines to paclitaxel by directly assessing cell death (using
trypan blue staining) and apoptosis (using Hoescht 33258 staining).
Trypan blue staining confirmed that the two MCJ-expressing clones
were more sensitive to paclitaxel-induced cytotoxicity (data not
shown). Hoescht staining showed that the MCJ-expres_sing lines were
similarly more sensitive to paclitaxel-induced apoptosis (Fig. 8D).

Although the MCJ-high and MCJ-nonexpressing lines did not vary
significantly with respect to doubling time, we had some concern that
the observed resistance of the MCJ-deficient lines to the cell cycle-
dependent agents paclitaxel and topotecan might be attributable to
differences in cell cycle distributions. To evaluate this possibility, we
examined cell cycle distribution in all four lines. As shown in Fig. 8E,
the cell cycle distributions of the four lines were similar and could not,
therefore, explain the observed differences in drug sensitivity.

In an effort to determine whether differential drug accumulation

Table 3 Intron/exon primer sequences
Lowercase letiers are intronic sequences, and uppercase letters represent exon sequences. Splice donor and acceptor sites, in lowercase letters, are underlined. The polyadenylation

(AATAAA) sequence in 3’ untranslated region is underlined.

Exon
Intron # Size Intron Size (bp)
1 531 GCAGAGACTGgtgatccctgeca 41963
ttttettccatagGTAAGAAGTT 2 54 GCATTTGCAGgtaagataaagaat 3189
cttttactatttagGTCGCTACGC 3 72 TCAACTCCATgtaagttaaacgtgg 9609
ctttectatacagAGCTTTTCATC 4 77 TAGGTGTAAGgtaggtgtgcaataa 7078
atttetttttacagCCCATCTGCTG 5 73 CCAGATAAAGgtaggtagaattect 21336
tttgttctectecagGTGGATCTCCTT 6 267 TAACAATAAAATGTTAATA
GTCTTGCTTTTTATTATCTTT
TAAAGATCTCCTTAAATTCT +polyA
Fig. 8. Effccts of paclitaxel and topotecan in A 5 B ovie7
MClIJ-nonexpressing  and MCJ  high-expressing © '—510 bt (MC:J
ovarian cell lincs. 4, agarose gel electrophoresis of ~ 2 o 2 £ Nonexpressing)
RT-PCR amplification product of GAPDH and € & 29 8 —O - Empty Vector (MCJ
MCJ. The lane to the left of Lane ] is the marker. > E 2 9 - Nonexpressing)
Lane 1, parental OV167; Lane 2, vector transfected o w O O s
OV167; Lanes 3 and 4, stable MCJ clones 6 and 13. - K3 vcJ e —w  Clone 6 (MCJ
B and C, effects of paclitaxel (B) or topotecan (C) - - L A N 1 GAPDH ‘c 10 Expressing)
on colony formation in OV167 cell lines. Cells % —<7— Clone 13 (MCJ
were exposed to the indicated drug for 24 h, fol- (8] ' ——— Expressing)
lowed by incubation in drug-free medium for 0 5 10 15 20 25 30
12-14 days to allow colonies to form. Each dara Paclitaxel (nM)
point represents the mean colony count from trip-
licate plates. B and C, P < 0.005 and P < 0.0005,
respectively, as indicated in the text. The results are C 10 DA E f \ ov1e7
cach representative of four independent experi- = 2 80 N
ments; bars, =1 SD. D, effects of paclitaxel on 3‘-;» 8 Empty
induction of apoptosis in OV167 cell lines. Cells Q = 60 1) Vector
were exposed to paclitaxel for 24 h and incubated (: > £ Pt
in drug-free medium. After combining floating and s = 40 Q
adherent cells from each plate, apoptosis was as- 2 10 2 © / Clone 6
sessed by Hoescht 33258 staining. Data shown are c ® 20 Sy
representative of duplicate experiments. E, cell cy- —g _‘8 T
cle distributions of subconfluent OV167 cell lines. Q 1 : . . Y 20 : ; Clone 13
Cells were grown to 30% confluence, harvested, 0 50 100 150 200 2. 0 40 80 120 160 200 /\
fixed, stained with propidium iodide, and examined Topotecan (nM) Time Since Paclitaxe! FL2 Ao

using FACS as described in the text.

Exposure Initiated (h)
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might be responsible for the observed differences in drug sensitivities
of MCJ-high and MCJ-low lines, we also examined topotecan accu-
mulation in the four lines by FACS analysis (20). These studies
showed no significant difference between the lines (data not shown),
eliminating the possibility that differential drug accumulation was
responsible for the observed differences in drug sensitivities.

DISCUSSION

In the United States, ovarian cancer is the fourth most common
cause of cancer-related deaths among women. Approximately 23,000
women are diagnosed with and ~14,000 women die from ovarian
cancer annually in the United States (26). Although women with
low-stage ovarian cancer have a good prognosis, most women are
diagnosed with late-stage disease and eventually succumb to their
cancer (27). Much progress, therefore, remains to be made in the early
diagnosis and treatment of ovarian cancer. A major concern in treating
ovarian cancer patients is the frequent development of resistance to
chemotherapy. Whereas most patients initially respond to the com-
monly used chemotherapeutic drugs, resistance to these drugs usually
develops, and the patients eventnally succumb to the disease. Many
mechanisms have been postulated to explain this resistance (28-33),
but these remain to be tested in clinical materials. Accordingly, there
is considerable interest in identifying genes that could differentiate
between chemosensitive and chemoresistant ovarian tumors.

Similar to cancers of other tissues, multiple genetic alterations are
common in ovarian carcinomas. Alterations in tumor suppressor genes
such as p53 (34), pRB (35), and NOEY2 (36) have been implicated in
ovarian carcinogenesis. Chromosomal regions of loss have frequently
identified new tumor suppressor genes involved in either the initia-
tion, progression, or metastasis of cancer-related genes. In the present
study, we report the discovery of a novel gene (MCJ) that we iden-
tified using DD-PCR between ovarian tumor cell lines and short-term
cultures of normal OSEs. Expression of this gene was either absent or
reduced in a majority of primary ovarian tumors and ovarian carci-
noma cell lines. In specimens lacking MCJ expression, one allele was
lost and the other silenced by methylation. Interestingly, a comparison
of the MCJ-expressing and MCJ-nonexpressing low-passage primary
ovarian carcinoma cell lines implicates MCJ loss in conferring resist-
ance to the three drugs most commonly used in the treatment of
ovarian cancer. These findings have potentially important implica-
tions for ovarian cancer development and treatment.

After MCJ was identified by DD-PCR, analysis of the ORF re-
vealed that MCJ is a new member of the DNAJ family of proteins
with sequence identity between MCJ and other DNAJ domain-
containing proteins ranging from 30 to 50%. The major difference
between MCJ and most other DNAJ-like proteins is the location of the
DNAJ domain. Expression analysis of MCJ on a multiple-tissue
Northern blot showed that this gene was highly expressed in testis. In
this respect, it is similar to the Drosophila melanogaster DNAJ
protein, DNAJ60 (37). Iliopoulos et al. (37) have shown that DNAJ60
encodes a putative protein of 217 amino acids with a molecular mass
of 27.7 kDa and a pI of 10.5 that may play an important function
during spermatogenesis and/or in the male genital tract. Whereas we
have no evidence at present about a testis-specific function of MC]J, it
is interesting to note that both MCJ and DNAJ60 are extremely basic
proteins with similar pIs of 10.35. Another member of the DNAJ
family of proteins with testis-specific expression is MSJ-1 (38). How-
ever, sequence analysis of MCJ revealed that it had no significant
homology to MSJ-1.

We have shown that the absence of expression of MCJ is related
directly to the methylation status of this gene. In the OV202 cell line,
induction of MCJ is observed after 5-aza-2'-dC treatment. This is the

first report linking methylation to the absence of expression of a
DNAJ-like protein. The cell lines with loss of expression of MCJ were
all cell lines derived from primary tumors harvested at the time of
surgery, and therefore, the methylation pattern seen in these cell lines
is a de novo effect and not the result of following exposure to
chemotherapeutic agents in vivo. LOH analysis on 13q14.1 identifies
this as a new region of LOH in ovarian cancer in the region of MCJ.
We have shown LOH of the marker identified only 80 bases down-
stream of the 3’ end of the MCJ gene and that there is loss of an MCJ
allele in some of the tumors not expressing MCJ. Whereas we have
not found any tumor-specific mutations in the MCJ coding region, we
have seen loss of expression of this gene both by LOH and hyper-
methylation in the same tumor. Although there are no reports of a
DNAJ domain protein acting as a tumor suppressor, our data clearly
indicate the mechanism for loss of function of this gene is probably
attributable to loss of DNA sequences by deletion (LOH) and to
hypermethylation. In this regard, this gene fits the criteria as a class II
tumor suppressor.

To examine the effects of differences in MCJ expression, we
evaluated the cytotoxic effects of cisplatin, paclitaxel, and topotecan
in cells lacking or expressing MCJ. Cisplatin/carboplatin and Taxol
are the most effective drugs in the treatment of ovarian cancer, and the
combination of carboplatin/paclitaxel has been widely accepted as
standard treatment for advanced ovarian cancer (28). Several lines of
evidence support the idea that there is a direct correlation between the
induction of apoptosis and drug sensitivity. For example, inactivation
of the p53 gene could confer resistance to cisplatin and DNA-
damaging agents as measured by both the induction of apoptosis and
resulting antiproliferative effects (33, 34). It is clear from several
studies that there may be multiple mechanisms involved in determin-
ing drug resistance (30, 31). Our preliminary studies suggest that loss
of MCJ in ovarian carcinoma may be of potential functional signifi-
cance. In particular, MCJ loss appears to be associated with de novo
resistance to the antineoplastic agents paclitaxel, topotecan, and cis-
platin in the OV167 cell line. On the other hand, it is important to note
that the magnitude of resistance (2-3.5-fold) conferred by MCJ loss is
less than resistance conferred by some other means. For example,
overexpression of P-glycoprotein can confer a much greater level of
resistance to paclitaxel (16, 39). On the other hand, the 2-3.5-fold
resistance to these agents might be significant in the clinical setting,
particularly when combined with other resistance-inducing changes.
We speculate, therefore, that MCJ loss may have potential prognostic
significance in ovarian cancer. The impact of MCJ loss within the
context of the full spectrum of genetic alterations in ovarian cancer,
however, remains to be more fully elucidated. It would be very
informative to look at sequential tumor specimens derived from
patients undergoing multiple surgeries to try to correlate the in vitro
and in vivo chemoresistance characteristics.
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ABSTRACT

In the United States, ovarian cancer is the fourth most common cause
of cancer-related deaths among women. The most important prognostic
factor for this cancer is tumor stage, or extent of disease at diagnosis.
Although women with low-stage tumors have a relatively good prognosis,
most women diagnosed with late-stage disease eventually succumb to their
cancer. In an attempt to understand early events in ovarian carcinogen-
esis, and to explore steps in its progression, we have applied multiple
molecular genetic techniques to the analysis of 21 early-stage (stage I/IT)
and 17 advanced-stage (stage III/IV) ovarian tumors. These techniques
included expression profiling with cDNA microarrays containing approx-
imately 18,000 expressed sequences, and comparative genomic hybridiza-
tion to address the chromosomal locations of copy number gains as well as
losses. Results from the analysis indicate that early-stage ovarian cancers
exhibit profound alterations in gene expression, many of which are similar
to those identified in late-stage tumors. However, differences observed at
the genomic level suggest differences between the early- and late-stage
tumors and provide support for a progression model for ovarian cancer
development.

INTRODUCTION

Of the cancers unique to women, ovarian cancer has the highest
mortality rate. Over 26,000 women are diagnosed with this disease in
the United States annually, and 60% of those diagnosed will die of the
disease (1). There has been little change in ovarian cancer incidence
and mortality over the past 5 decades and unfortunately there are a
number of significant barriers to progress in its treatment. These
include poor understanding of the underlying biology of this disease,
inadequate screening tools as well as few early warning signs. The
5-year survival for patients with stage I disease can exceed 90%, but
it is less than 25% for advanced-stage disease (2). These statistics
underscore the need for better tools for the screening and staging of
ovarian cancer.

Like other solid tumors, ovarian cancer is thought to result from an
accumulation of genetic alterations. These events lead to changes in
expression of many genes. Alterations in tumor suppressor genes such
as p53 (3,4), pRB (3, 5), NOEY2 (6), BRCAI (7), and oncogenes such
as K-ras (8), c-myc (9) and c-erbB-2 (10) have been shown to play an
important role in ovarian carcinogenesis. There is very little informa-
tion, however, on the sequence of genetic changes that are associated
with progression of disease from early to advanced stage.

Examining tumors for alterations in gene expression is a potentially
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useful approach to identifying molecular differences between early-
and late-stage ovarian carcinomas. Although there are several ap-
proaches to investigate differential gene expression in tumors, here we
have used cDNA microarrays to develop expression profiles of early-
and late-stage ovarian cancer (11-13). To extend our understanding of
any stepwise genetic alterations that may underlie the assumed clin-
ical progression from early- to late-stage ovarian cancer, CGH? (14)
was used to identify regions of genome loss and gain in the same
series of tumors.

MATERIALS AND METHODS

Tissue Processing and Tumor Selection. Surgically removed ovarian
tumors were snap-frozen in the surgical pathology unit of the Mayo Clinic. The
tumor content of the specimens was assessed by H&E-stained sections. Only
high-grade specimens containing more than 75% tumor were used for these
experiments. Twenty normal OSEs from patients without cancer were used as
normal controls. The epithelial nature of these brushings was verified by
cytokeratin staining. The majority of these patients were between 45 and 65
years old, undergoing incidental oophorectomy at the time of pelvic surgery for
other indications. All of the ovaries were examined pathologically and found
to be benign or they were excluded. RNA from five such pooled brushings
were profiled on cDNA microarrays along with five stage I, two stage Il, and
seven stage IIT ovarian tumors. The histology, grade, and stage of each tumor
used in cDNA microarray, semiquantitative RT-PCR, and CGH studies are
listed in Tables 1 and 5, respectively. Tumors were staged according to
International Federation of Gynecology and Obstetrics criteria.

Ovarian Cell Lines. Five of seven ovarian-carcinoma cell lines (OV 167,
OV 177, OV 202, OV 207, and OV 266) were low-passage primary lines
established at the Mayo Clinic (15). OVCAR-5 is a NIH cell line (16) and
SKOV-3 was purchased from American Type Culture Collection (Manassas,
VA). All of the cells were grown according to the provider’s recommenda-
tions.

c¢DNA Microarrays. The cDNA microarray consisted of 25,000 elements
from the Unigene set from Research Genetics Inc. (Huntsville, AL), which
included 10,000 known genes; 13,000 ESTs; and 2,000 elements made up of
control genes, dyes, bacterial genes, and water controls. After consolidating
genes or ESTs belonging to the same Unigene clusters, we estimated that there
were a total of 18,304 unique genes or ESTs. All of the genes and ESTs on the
array were sequence verified before being arrayed on a high-precision robotics
platform. Each 3- X 5-inch membrane contained up to 6,000 elements and
each probe was hybridized to five sets of membranes in duplicate.

Total RNA Isolation and Labeling. Total RNA was extracted from spe-
cific tumor samples using Trizol (Life Technologies, Inc., Rockville, MD) as
recommended by the manufacturer after estimating the tumor content by
standard histological methods. The integrity of the RNA was assessed by
ethidium bromide staining after agarose gel electrophoresis. Total RNA was
labeled with [a->*P]CTP after reverse transcription with oligo(dT)a,. Fifteen
ug of total RNA was annealed to 3 g of oligo-dT,, primer in 13 pul of total
volume and incubated at 70°C for 2 min in a PCR machine and held at 4°C.

3 The abbreviations used are: CGH, comparative genomic hybridization; OSE, ovarian
epithelial cell brushing; EST, expressed sequence tag; RT-PCR, reverse transcription-
PCR; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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Table 1 Tumor cohort mg of COT1 DNA to block repetitive sequences in a final volume of 100 ul. 4
Histology Stage Grade cDNA microarray RT-PCR The blocked probe was heated for 5 min at 95°C followed by 65°C for 20 min
Cl ooll OV 106 1 3 o N and then added to the duplicate filters along with 5 ug/m] of denatured salmon 5?
Cl cell OV 267 I 3 + sperm DNA. The filters were hybridized overnight at 65°C in a Hybaid K
Cl cell OV 496 1 3 + + hybridization oven. Each probe was hybridized to duplicate filters. The next
Endo OV 51 I 3 + day, the filters were washed for 15 min at 65°C with 4% SDS solution in 20
Eﬁgg 85 ;g } g N mM sodium phosphate (pH 7.2) with 1 mM EDTA followed by 1% SDS
Endo OV 105 I 3 + solution in the same buffer with three changes at 65°C. After the wash, the
Endo OV 338 I 3 + filters were dried between whatman papers and baked at 80°C for 1 h. The
Endo OV 647 I 3 + + filters were imaged on a storm 840 phosphoimager after 2448 h exposure.
g::gt:: 82,] f7 } g + 1’ Image Analysis and Data Recovery. The ArrayVision program (Imaging
Serous OV 20 1 3 + Research Inc., St. Catharines, ON, Canada) was used to quantify the spot
Serous OV 90 1 3 + intensities of the scanned images for each membrane. For each membrane, the
Serous OV 234 I 3 + spot intensities were normalized by the median intensity for the entire array,
gz:gt:: 8¥ ;gg : ; + I resulting in a new median intensity of 1.0. Spots that were <0.1 after normal-
Cl cell OV 102 I 3 + ization were thresholded to 0.1 to account for the level of background noise.
Endo OV 296 il 3 + After normalization and thresholding, spot intensities were averaged across the
Serous OV 149 | 3 + duplicate filters for each tissue sample. Fold-regulation for each tumor, at each
g::_gz: 8:/, 2(5)111 i: g . : gene, was determined by calculating the ratio of tumor expression:average
Serous OV 402 I 3 + + expression for the five (pooled) control normal OSEs.
Serous OV 414 1l 3 + Semiquantitative RT-PCR. Reverse transcribed ¢cDNAs (50-100 ng)
Cl cell OV 176 1 3 + were used in a multiplex reaction with gene-specific primers and GAPDH,
g:gz 8¥ ?? o }}} g : forward primer (5'-ACCACAGTCCATGCCATCAC-3') and reverse primer
Endo OV 259 11 3 + (5’—TCCACCACCCTGTTGCTTGTA-3,) yleldmg a 450-bp product. The
Serous OV 4 m 3 + + PCR reaction mixtures consist of 50 mm Tris-HCI (pH 8.3), 1.5 mm MgCl,,
Serous OV 11 IIi 3 + + 400 uM concentration of each primer for the specific gene to be analyzed (50
22:2::: 83 ;2 {:{ i : j: uM for the GAPDH primers), and 0.5 units of Taq polymerase (Promega,
Serous OV 29 1 3 + + Madison, WI), in a 12.5-ul reaction volume. The conditions for amplification
Serous OV 150 11T 3 + + were as follows: 94°C for 3 min, then 29 cycles of 94°C for 30 s, 50—62°C for
Serous OV 167 I 3 +
Serous OV 206 I 3 +
Serous OV 208 JH 3 +
Serous OV 461 111 3 + Table 2 Differential gene expression in ovarian tumors: number of sequences with
Serous OV 472 1| 3 + + expression changes >2-fold, 5-fold, 10-fold, and 20-fold
Serous OV 97 v 3 +
Down-regulated Up-regulated
“ (I, clear; OV, ovarian; Endo, endometrioid. No. of
» +, the tumors used in each analysis. tumors 2-fold 5-fold 10-fold 20-fold 2-fold 5-fold 10-fold 20-fold
14 148 24 9 2 11 1 0 0 N
13 262 48 16 6 30 6 1 0 >
Reverse transcription of this annealed template was carried out in a final 12 409 56 19 6 43 9 2 1 ‘
volume of 50 ul, 1X first strand buffer (DTT, 40 units of Rnase inhibitor, 400 11 565 68 21 7 67 11 5 1 ‘
units of Superscript 1I reverse transcriptase, 2 ul of 10 mM dNTP mix with 18 ;}g lg; ;‘71 l? }gg g Z i
dCTP at 0.1 mM concentration, 100 uCi of [a-”P] dCTP at 42°C for 60 min. 8 1261 135 34 12 265 25 8 1
The reaction was stopped by consecutive addition of the following reagents: 4 7 1750 179 46 12 435 36 12 3
ul of 50 mm EDTA, 4 ul of 0.5 M NaOH, and 2 pl of diethylpyrocarbonate 6 2346 248 56 18 794 51 18 5
water. Heating at 65°C for 10 min degrades the RNA template in the reaction. i Z:;g gg;) :}j ‘5‘3 ;21(7) lzz g 1;
Unincorporated nucleotides were removed from the labeled probe using a 3 5718 781 187 65 4303 198 51 25
Clontech (Palo Alto, CA) Chroma Spin TE-30 spin column. The labeled probe 2 8245 1159 279 81 7051 388 105 42
with an estimated specific activity of 1 X 10° cpm/ul was preannealed to 100 1 12106 2940 1044 414 11178 1552 480 183
1000.0 10000 'y
100.0 1000
Fig. 1. Representative scatter plots of cDNA
microarray analysis. A, duplicate filters of OV 106
hybridization (Pcarson correlation, 0.97). B, scatter
plot of an early-stage tumor (OV106) versusone of 10,0 100
the pooled normal epithelial brushings (Pearson
correlation coefficient, 0.76). The lines, 2-fold dif-
ferences in expression Jevels between samples,
1.0 1.0
0.1 0.1
0.1 1.0 10.0 100.0 1000.0 0.1 10 100 100.0 1000.0 j
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Table 3 Differential gene expression as a function of tumor stage

Stage 1/l down Stage 1TI/IV down Stage I/ up

Stage HI/IV up

No. of umors ~ 2-fold  S-fold  10-fold  20-fold  2-fold  5-fold  10-fold  20-fold ~ 2-fold ~ 5-fold  10-fold ~ 20-fold ~ 2-fold ~ 5-fold  10-fold  20-fold
7 200 35 11 2 406 56 18 6 19 2 0 0 48 10 3 0
6 413 62 19 6 739 91 22 9 64 8 2 1 99 12 4 1
S 759 86 26 8 1393 154 36 11 i85 19 7 1 239 16 5 1
4 1322 152 38 13 2360 321 99 42 498 39 15 3 714 27 8 2
3 2500 275 65 16 3365 508 127 47 1311 92 36 9 1615 65 17 8

30 s depending on the gene-specific primers being tested, and 72°C for 30 s in
a Perkin-Elmer-Cetus (Norwalk, CT) 9600 Gene-Amp PCR system. The
products of the reactions were resolved on a 1.6% agarose gel. Band intensities
were quantified using the Gel Doc 1000 photo-documentation system (Bio-
Rad, Hercules, CA) and its associated software. Gene specific primers were as
follows: for Gas 1, forward, CGC GCC TCG TCT CCT TTC CC, and reverse,
GGC GCG TGG GCT AAA AGA GC; for PAII, forward AAT CGC AAG
GCA CCT CTG AG, and reverse, GAT CTG GTT TAC CAT CTT TT; for
SIAR, forward, GAC CCC ACC ACT GCC ACA TT, and reverse, GAT CTT
AGA CTT GCA GGC TT; for AREG, forward. CCG CTG CGA AGG ACC
AAT GA, reverse, CTA TGA CTT GGC AGT CAG TC:; for FGF7, forward,
TAA TGC ACA AAT GGA TAC, and reverse, ATT GCC ATA GGA AGA

i
3}

elakel e Ralels

eislals! o elclals!
S e e B S R ]
R A M d D DN e
nuuuy W o wnuen
ﬂ LR j TR R
U2 FECE-B-8-8-0
vooeCcoeQEUODRORS
(R RN HoMH M MHHEH HoHH MM
CPCOEHOVLIIREIUHDIE I
ZEEERACUMVAVNURUVNINANON

Fig. 2. Hicrarchical clustering of 19 ovarian epithelial
samples, using Eisen’s Stanford clustering package. Eighteen
thousand expressed sequences were profiled against five
normal ovarian epithelial (NOE), two early-stage clear cell,
one early-stage endometrioid, four carly-stage serous, and
seven late-stage (stage-111) serous samples. The 50 annotated
clones with maximal normalized expression variance (SD
divided by mcan of expression) are shown. Data were log-
transformed after addition of a bascline noise compensation
term and were clustered using centered Pearson correlation.
Whereas the normal samples neatly cluster together, separa-
tion between carly- and late-stage samples is less compelling.
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Hs.2296 apolipopxotein C~I
Hs.1257 amphirequlin
Hs.75284 CP36 antiqgen
Hs.41585 ARP2 (actin-related protein 2, veast)
Hs.38586 hydroxy-delta-5-steroid dehydrogenase
Hs.70008 low density lipoprotein receptox
Hs.37012 hydroxystexoid {11l-beta) dehydrogenase 1
Hg.3281 neuronal pentraxin II

Hs.105806 gqranulysin
Hs.21858 CAG repeat domain
Hs.93769 CAG repeat domain
Hs.113779 ecytochzome P450, subfamily XIX
Hs.113405 diacylglycexrol kinase, alpha {(80kD)
Hs.106194 cytochrome P450, subfamily XIX
Hs.94107 gqlutathione S-transferase A2
He.102484 glutathione S-transferase A3
Hs.1363 cytochrome P450, subfamily XVII
Hs.3132 steroidogyenic acute requlatory protein
Hs.117848 hemoglohin, epsilon 1
Hs.12409 somatostatin

Hs.1119 nuclear receptoxr subfamily 4, qroup A,
Hs.101664 interleukin enhancex bhinding factox 3,
Hs.2B8441 xing fingexr protein

Hs.1279 complement component 1, » subcomponent
Hs.3076 MHC class II transactivator
Hs.9348 general transcription factor II, i
He.94804 adenylate cyclase 1 (hrain)
He.89040 prepronociceptin
Hs.347 lactotransferrin
Hs.2256 matrix metalloproteinase 7 (matrilysin,
Hs.80395 mal, T-cell differentiation protein
Hs.59889 3-hydroxy-3-methylyglutaryl-Coenzyme A
Hs.75741 amiloride hinding protein 1
Hs.7614 calmodulin 2 (phosphorylase kinase, delta)
}s.99348 distal-less homeo box 5
Hs.1494 msh (Drosophila) homeo bhox homolog 1
Hs.25195 endometrial bleeding associated factox
Hs.28988 glutaredoxin (thioltransferase)
Hs.14958 phytanoyl-CoA hydroxylase (Refsum disease)
Hs.82009 cytochrome PA50, subfamily I
Hg.111661 aspartylglucosaminidase
Hs.119708 glutathione peroxidase 3 (plasma)
Hs.103176 small inducible cytokine subfamily B
Hs.75758 immunoglobulin gamma 3 (Gn markex)
He.111572 immamoglobulin lambda gene clustexr
Hs.105678 H.sapiens gene encoding kappa light chain
Hs.118641 immunoglobulin gamma 3 (Gm maxker)

Hg.140 immunoglobulin gamma 3 (Gm maxkex)
Hg.109646 HRDH dehydrogenase (ubigquinone)
Hs.36137 hepatocyte nuclear factor 3, gamma

AAG:; for HPRG6, forward, TGC CTA GCG CGG CCC AAC, and reverse,
CAG ACT GGA CTG TTA CAA ATG; for ITM2A, forward, CGC AGC CCG
AAG ATT CAC TAT G, and reverse, R-CTT ATT ACC AAG GAC ACT
CTA TCT; and for decorin, tforward, CCT GGT TGT GAA AAT ACA TGA,
and reverse, TGA CAT TAA CAA GAT TTT GCC.

CGH. Metaphase spreads from normal human lymphocytes were prepared
using standard protocols (17). The slides were aged for 2-3 days prior to
denaturation at 70°C by 70% formamide in 2X SSC, followed by dehydration
in a series of ethanol-water mixtures. The slides were treated with proteinase
K, at a concentration of 0.1 pg/ml in 20 mm Tris (pH 7.5)-2 mm CaCl,_ prior
to hybridization. The CGH procedure was similar to published standard pro-
tocols (14, 17). Twenty images were captured using a Nikon Labophot-2
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Fig. 3. Hierarchical clustering of 14 ovarian
tumor samples, using Eisen’s Stanford clustering
package. Data were log-transformed and clustered
by centered Pearson correlation. Cluster tree anal-
ysis of five times or more up-regulated genes in
carly- and late-stage tumors. Red, fold up-regula-
tion of five times or more. Green boxes, fold reg-
ulation between | and 2. Different shades of green.
vilues above 2 but less than 3.

microscope equipped with an automatic filter wheel and an 83,000 filter set
(Chroma, Brattleboro, VT) with single band pass exciter filters for UV/FITC
(490 nm), 4',6-diamidino-2-phenylindole (360 nm), and rhodamine (570 nm),
and were analyzed using the QUIPS CGH software version 3.12 (Vysis Inc..
IL). Using this software, the ratio of rhodamine:FITC signal is expressed as a
red:green ratio, with deviations from a 1:1 ratio indicative of gain or loss of
chromosome material. The lower and upper limits for gain and loss were
established by performing control CGH experiments with a well-characterized
tumor cell line, IMR32 (18), and DNA derived from male or female normal
tissue. On the basis of these findings, a 95% confidence interval for gain and
loss was set at 1.20 and 0.80, respectively, with gene amplification defined as
gain >1.5.

Cluster Analyses. Hicrarchical cluster analyses were performed using the
Cluster software package (19). Genes were clustered using the Pearson corre-
lation cocfficient as the distance metric, and clusters were agglomerated using
the average linkage criterion. Graphical displays of our cluster analyses were
obtained using the TreeView program (19).

RESULTS

Gene Expression Patterns of Early-Stage (I/IT) and Late-Stage
(ITI/IV) Tumors. We examined gene expression in seven early- and
seven late-stage ovarian tumors (Table [) using cDNA microarray
filters containing approximately 25,000 members of the Unigenc set
and control probes. Each tumor was examined in duplicate, with
results indicating cxecllent  reproducibility (Pearson correlation,
>0.97 in all cases). The overall degree of similarity in gene expres-
sion between duplicate microarray experiments and among different
tissue specimens was assessed using scatter plots. A representative
scatter plot for two duplicate filters is shown in Fig. 1A (Pearson
correlation, 0.97), and Fig. 1B displays the scatter plot of an early-

Serous St IITI

Hs.69771 B-factor, properdin

Hs. 21902 ESTs -

Hs. 2719 enididvmis-snecific. wvhey-acidic protein type
Hs.158282 KIANO040 adene nroduct - -
Hs.93564 Homer, neuronal immediate early yene, 2
Hs.150826 ESTs — - - - -
Hs. 204238 liwocalin 2 (oncouene 24n3)

Hs.55823 (GalWAc-T3)

Hs.67928 ESTs

Hs. 74070 keratin 13

Hs. 73149 vaired box gene 8

Hs.122663 ESTs - -

Hs. 104472 ESTs

Hs.206297 ESTs

Hs.107984 ESTs

Hs.166096 E74-1ike factor 3 (ets domai transcription
Hs.23291 ESTs - - - -

Hs.89603 mucin 1. transmembrane

Hs.217219 cerulonlasmin (ferroxidase)

Hs. 111461 cerulovlasmin (ferroxidase)

Hs. 84359 Homo sapiens mRHA for hypothetical protein
Hs.181312 ESTs - - - -

Hs. 55565 ESTs

Hs.62663 ESTs

Hs.19222 ecotropic viral integration site 1

Hs. 72865 ESTs - - - -
Hs.56937 ESTs

Hs.153932 nrotein tyrosine phosphatase

Hs.136482 ESTs -

Hs.5372 claudin 4

Hs.104476 ESTs ~—

Hs.80658 uncowling wrotein 2

Hs.2384 tumor protein D52 ~—

Hs.24743 ESTs™ -

Hs. 76550 ESTs

Hs, 18894 ESTs,

Hs. 73239 ESTs

stage tumor (OV106) versus one of the pooled normal epithelial
brushings (Pearson correlation coefficient, 0.76).

Analysis of the Differential Expression in Early- and Late-Stage
Ovarian Tumors. Table 2 displays the number of genes for which
we found varying levels of differential expression relative to normal
ovarian epithelial cell brushings. Geherally speaking, more genes
were determined to be down-regulated than up-regulated. For exam-
ple, 46 genes are at least 10-fold down-regulated in at least seven of
the tumors that were expression-profiled. The number of genes that
are 10-fold up-regulated in at least seven tumors is only 12. A similar
trend was evident when the tumors were grouped by stage (Table 3).
Heirarchical clustering for a set of genes selected for maximal vari-
ance (without prejudice toward differential expression) are shown in
Fig. 2. The dendrogram in Fig. 2 shows the tight clustering of normal
samples, whercas separation between early- and late-stage samples is
far less compelling. Figs. 3 and 4 display heirarchical clustering for a
set of genes that are =5-fold up- and down-regulated in a significant
number of early- and late-stage tumors, respectively, relative to the
pooled epithelial cell brushings. It is evident from these analyses that
several of the genes are aberrantly regulated to the same extent in both
early- and late-stage tumors.

To assess the extent to which genes in specific functional categories
are differcntially expressed in both early- and late-stage tumors,
expressed sequences showing five times the expression changes in a
majority of early-and late-stage tumors were grouped in one of four
categories: cell-cell interactions; intermediate filament markers; cell
cycle and growth regulators; and genes involved in invasion and
metastasis (Fig. 5). This analysis revealed that genes involved in
cell-cell interactions such as cadherin 11 (20), cadherin 2 (21), and
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Fig. 4. Hierarchical clustering of 14 ovarian
tumor samples. using Eisen’s Stanford clustering
package. Data were log-transtormed and clustered
by centered Pearson correlation. Cluster tree anal-
ysis of five times or more down-regulated genes in
carly- and late-stage tumors. Green boxes, fold
down-rcgulation of five times or more. Red boxes,

fold regulation between 1 and 2. Different shades of

red, values above 2 but less than 3.
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Hs.49075 ESTs
Hs.129879 ESTs
Hs.79946 cvtochrome P450, subfamily XIX
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‘ Hs.74615 platelet-derived growth factor receptor, alpha
Hs.109333 ESTs
Hs. 75929 cadherin 11 (0B-cadherin. osteoblast)
Hs.198443 inositol 1.4.5-trinhosvhate recentor, type 1
Hs.194695 ras homoloua uene familv, mnember T
Hs.180705 GATA-binding wrotein
' Hs,177933 Homo saniens mRHA: CDHA DKFZn586H0318
Hs.37012 ESTs
Hs.132146 ESTs
Hs.139033 naternally expressed gene 3
-~ Hs.?44 ferredoxin 1
Hs.184352 ESTs
Hs, 77439 nrotein kinase. cAMP-depnendent
Hs.95243 transcription elongation factor A
Hs.117848 ESTs
Hs.102484 ulutathione S-transferase A3
Hs.94107 ESTs
Hs.23918 ESTs
" Hs.75652 ulutathione S-transferase M5
Hs.132219 ESTs
Hs.76271 ESTs
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Hs.58451 ESTs-cvtokeratin 18
Hs.74070 keratin 13

Hs.78271 keratin
Hs.23881 keratin
Hs.99936 keratin

8
1
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Hs.2064 vimentin

Hs.166011 catenin (cadherin-associated wrotein)
Hs.161 cadherin 2. R-cadherin {neurcnal)
Hs.75929 cadherin 11

Hs.83169 matrix metallonroteinase 1

Hs.111301 matrix metallonroteinase 2

Hs.155324 matrix metallomroteinase 11

He.22%6 matrix metallobroteinase 7

Hs.30464 cvclin E2

Hs.19131 transcrintion factor Dn-2
Hs.9605% E2F transcrintion factor 1
Hs.82932 cvelin D1

Hs.1189 E2F transcrintion factor 3
Hs.2331 E2F transcription factor 35, pl130-binding
Hs.514 cvclin H

Hs.79101 cvclin G1

Hs.5671 cvclin D-binding Mvh-like wnrotein
Hs, 2869 cvclin-denendent kinase 5,
Hs.15586 cvclin D2

Hs.65029 carowth arrest-smecific 1
Hs.19353 Homo samiens E2F-related
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Fig. 5. Cluster trec analysis of genc categorics. five times
or more differentially regulated genes in carly- and late-
stage tumors. Green boxes, fold down-regulation of five
times or more. Red hoxes. fold up-regulation. A, interme-
diate filament genes; B, cell-cell interactions; C, cell in-
vasion and metastasis; and D, cell cycle and growth reg-
ulators.
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Table 4 Genes with expression level changes > 10-fold in both early- and
late-stage tumors

Cluster identification Cluster title

10-fold down-regulated genes in carly- and late-stage tumors
Hs.“38586 Hydroxy-8-5-steroid dehydrogenase. 3 B- and steroid
S-isomerase |
Hs.213499 LSTs
Hs.49075

21.33

Hs. 188543 I
Hs. 129879 ESTs
Hs. 79946 Cvtochrome P-450, subfamily XIX (aromarization of androgens)

Hs. 180616 CD36 antigen (collagen type 1 receptor, thrombospondin

receptor)-like 1

Hs. 159867 ESTs

Hs. 1275 Amphiregudin (sclnvannoma-derived growth factor)
Hs. 41585 ESTs

Hs. 94107

Hs.3132 Steroidogenic acute regulatory protein

Hs. 105033
Hs. 109333
Hs. 117848
Hs. 102488

ESTy
Glutathione S-transferase A3

Hs.54751 ESTs

Hs. 17109 Integral membrane protein 2A

Hs.21858 CAG repeat containing (glia-derived nexin I «)
Hs.54751 ESTy

Hs.9914 Follistatin

Hs. 139033
Hs. 105806
Hs. 169228
Hs.37012

Paternally expressed gene 3
Granulysin
& (Drosophila)-like 1
Homo sapiens DNA sequence from PAC 434014 on chromosome
1432.3-41
Hs.148493 Cathepsin B
10-fold up-regulated genes in early and late stage tumors
Hs.5372 Claudin 4
Hs.2719 Epididvmis-specific, whey-acidic protein 1ype, HE 4
Hs. 16690 E74-like factor 3 (ets domain transcription factor)

Hs.19222 Ecotropic viral integration site |
Hs.896603 Mucin 1, transmembrane
Hs.24743 STy

Hs. 111461 Cernloplasmin (ferroxidase)
Hs.206297 LSTy

Hs. 104472 ESTs

Hs.23291 EST

Hs. 73149 Puaired box gene §

Hs.2256 Muatrix metalloproteinase 7 (matrilysin, uterine)

Hs.204238 Lipocalin 2 (oncogene 24p3)
Hs. 76550 LSTy
Hs.36451 Glutamate receptor, ionotropic, N-methyl n-aspartate 2C

Hs. 155097 Carbonic anhvdrase 11

Human DNA scequence from clone 22012 on chromosome Xq21.1-

“Hs., unigene cluster IDs.

Fig. 6. A, agarose gel showing the prod-
ucts of semiquantitative RT-PCR in the ovar-
ian cell lines. M, 100-bp ladder: Lane 1,
short-term cultures of normal ovarian epithe-
lial cells (OSESS): Lane 2. OV 167, Lane 3,
OV 177; Lane 4, OV 202; Lane 5. OV 207;
Lane 6, OV 2606 Lane 7, OVCAR S: Lane 8,
SKOV; Lane 9, water control (H20). Prohes:
panel 1. growth arrest-specific  gene 1
(GASTY. panel 2. plasminogen activator in-
hibitor 1 (PAI1); panel 3. steroidogenic acute
regulatory protein (STAR): panel 4. amphi-
regulin (AREG); panel 5. fibroblast growth
factor 7 (FGF 7), panel 6, human progester-
one binding protein (HPR6): panel 7, integral
membrane protein 2A (ITM2A), panel 8,
decorin: panel 9, GAPDH. B, agarosc gel
showing the products of the result of semi-
quantitative. RT-PCR resolved on a 1.6%
agarose gel. On top of the figure, sample
numbers: on top of the nanor muanbers, the
staging information for these tumors, M,
100-bp ladder; Lane 1, normal epithelial cell
brushings (B). Panel 1, decorin: panel 2.
plasminogen activator inhibitor 1 (PAIT);
panel 3. integral membrane protein 2A
(ITM2A): panel 4, fibroblast growth lactor 7
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nidogen (enactin; Ref. 22) were all down-regulated in a majority of
tumors, whereas genes involved in invasion and metastasis, including
matrilysin (MMP 7, Refs. 23, 24), gelatinase (MMP 9; Ref. 25),
matrix metalloproteinase 10 and 12 (Ref. 23) were up-regulated in a
majority of tumors. Genes belonging to the intermediate filament
category, such as vimentin (26) and keratin 10 (27) were down-
regulated in both early- and late-stage tumors, whereas keratins 8
(28), 13 (29), and /8 (28) were up-regulated in both stages. For the
cell cycle/growth regulators, cyclin D2 (30, 31), cyclin dependent
kinase 5, growth arrest-specific 1 (32), and the E2F-related transcrip-
tion factor DPI (33) were all down-regulated. Other genes in this
category, such as cyclin E2 (34), proliferating cell nuclear antigen
(35), and transcription factor E2F5 (36), were up-regulated in both
early and late-stage tumors.

The genes with an average-fold change of at least 10-fold change
across all tumors are listed in Table 4. Several of these genes, such as
mucin 1 (37), ceruloplasmin ferroxidase (38), claudin 4, and HE4 (39,
40) have been previously identified as up-regulated in ovarian tumors.

Validation of Microarray Results by Semiquantitative RT-PCR.
To validate the expression levels of genes from the profiling
analysis, we performed semiquantitative RT-PCR, with GAPDH as
a control in seven ovarian tumor cell lines, on 20 early (I/II)- and
16 late (II/IV)-stage tumors (Table 1) with a set of genes that
showed 5-fold differential regulation in at least 50% of the tumors.
Fig. 6A shows the expression levels of a subset of the genes in
ovarian tumor cell lines compared with short-term cultures of
ovarian epithelial cells. Fig. 6B shows the expression levels of four
of these genes in primary ovarian tumors compared with normal
epithelial cell brushings. Among the genes with the most striking
difference in expression in tumors relative to normal epithelial cell
brushings, FGF7 showed complete loss of expression in all of both
early- and late-stage serous tumors and in six of the seven ovarian
tumor cell lines. Decorin, a small proteoglycan involved in the
activation of EGFR (41) pathway showed lower levels of expres-
sion in 22 of 31 tumors and in five of seven cell lines. The
expression of plasminogen activator inhibitor 1 (PA/7; Ref. 42), a
well-characterized serine protease inhibitor, was also lost in most
(25 of 36) of the tumors tested. Among the genes showing frequent
up-regulation by microarray analysis, PUMP-1 (24, 43) and HE4,
an epidydimis-specific whey acidic protein (40), showed over-
expression in almost all of the tumors tested (data not shown).

B

Early Stage Late Stage
MB 1234686786101

—_

Late Stage
MB 12346678 89101121314

Early Stage

FGF 7
GAPDH
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Table 5 CGH results

Patient no. (histology; stage)

CGH changes

OV106 (Clear Cell; I)
0OV496 (Clear Cell; 1)
OVS51 (Endo; ) NAD
OV105 (Endo; I)
0V338 (Endo; )
0V647 (Endo; I)
OV6 (Serous; I)

OV90 (Serous; T)

+1q21-qter; +6;+8;,—9p;—21q

+20q12-qter; +22q
0V234 (Serous; 1)
0OV102 (Clear Cell; IT)
0OV401 (Serous; II)
OV402 (Serous; 1T)
OV176 (Clear Cell; IIT)

—1p12-31;+1q31-42;—2q34-36;+3q24-26;— 17p

+3q25-26;+8q;+17q; +20q12-13
0V453 (Clear Cell; IIT) +3q24-26.3;+17q24-25

0V522 (Ciear Cell; III) +2p24-25

0OV623 (Clear Cell; IIT) +8q

OV78 (Endo; IIT)
0OV93 (Endo; III)
OV110 (Endo; 111)
QV259 (Endo; 1IT)
OV4 (Serous HI)
OV11 (Serous IIT)
OV16 (Serous I1I)
0OV29 (Serous IIT)
OV72 (Serous III)
OV150 (Serous III)
0OV392 (Serous III)
0OV448 (Serous IIT)
0V319 (Endo; IV)

+1q;—18q22;+22;—Xq23-25

—1p32-pter; + 1q; +3q22-26“;,—4q; —6q24-27; +8q; + 12p; — 13q21-gter; — 18q12-21;~Xq21-23
+1p32-pter; —2q21-qter; —3;—4q12-28; +5p; — 5q; —6;— 12q;— 13q21-33; + 16;+18;+19;—Xq

+1q31-42;—2q22-24; —4q13-24;—5q12-23;-6q21-23; + 11922-24; +12q23-qter; — 13q21-31;—15q21-24;+16p12-13;+ 19;+20q; 21

—4q;—5q;+6q24-27;—7q21-31;+16p12-13.2;-+17;— 18q; +20
+1p35-gter;— 1p21-31;—2q23-32;—4q21-31.3;—5q14-32;+8q; — 13q13-33;+ 19;+20q;+22q; —Xqg21-qter
—1q24-31;+3q24-qter; —4q13-25;—5¢21-23;—6;+8q23-qter; —9p13-23; + 12p1 1.2-gter;—13q21-gter;—15q21;+17q24-25; - 18q12-21;

—1p33-35;+2q22;—4q22-31;—5q14-21;—6q14-16;— 10p; + 12p12-13; + 17q:+20q

+3q;+3q24; +3¢26;—4q; + 5p; —50; —6;— Tp; +8q24; + 11q23-24; — 18q21-22; +20; - Xq21-qters
+1q41-44;—2q24-32;+3q24-27;-5q21-23;-6q21-23; +11q13;— 1321315~ 18q12-22;+19;+20q;—Xq

+1q21-41;—2p14-16;+3q13.1-13.3;—4q;+ 5p; +8q21.1-24;+9p21-23; +1 1g12-13;+17923-25;—18q21-22;+20q;— X

+ 1q32—44;+2p24—25;+2q23-24;+3q13.3—qler;+3q24—26;—4q:—5;—6q22-qter;—8p;+8q; +9p22-23;+12p12-13;—13¢31-34;— 18q12-23;+20q13
+1p36;—4q13-32;— 5q13-22;+8q24; + 10; + 11q24-25;+ 12p12-13; - 14q23-24;+ 16q21-23;+ 19g; +20g

—1p13-22;+1q;+2q35-37;+3q13; +3q25-27;—-4q23-qter; + 5p; — 5q14-qter; —6q; — 7p; — 1 1;+12p12-13;—13q; + 19q; +20q12-13;+22¢12.2-12.3;, - Xq
—-2q;+3q26.1-26.3;—4q22-24;—5q]3-23;—6q16.3—25;+7q33-35;+8q23-M;+11q13-l4;+12p11-13;—- 18q12.3-22;+20q12-13.2
—4q;—5q13.3-23.2;+8¢23-24; +11q23-24;+ 12p12-13;—Xq21-qter

+1q21-22;—2q22-24;—5q; +8q; +8¢23-24; +11q12-13; — 18q12-qter; + 18p11.2-11.3;+20q; — Xq

+1p32-36.3;+ 1q31—32;—2q22~34;+5p13-15;—5q;+6p21.1-pter;+7p21;+8;+8q23-24;—9p;+11q12-13;+12p12-13;— 18q12-gter;+19;+20;,—Xq
+1q21-24;+2p24;-—3p',+3q26-1-26.3;—4p;+5p14-15;—-6q13—21;+8q24;—9p24;+11q13;+12p12-l3;— 13q21-22;16p12-13.2;—18g;+20q12-13;—Xq
+3q26;—4q221;—5q12-21;—6q24-27; +7q32-qter; +8q24.1-24.3;+12p13; — 13q14-22;+20q;—-X

+1p36;—2q31-34;—5q14-23.3; +17q24-25;+19;+20q12-13.2; - X

—1p31;+ lq;+2p24;+2q24;+3q21-26;—4q32-qtcr;+8q11.2-21.2;+8q23-24;—9p23;—13q31;— 15q21-qter;—18q; +20q13;—X

“ Boldface denotes amplification.

CGH Analysis. To investigate whether any of the results from the
gene expression analysis could be associated with genomic alter-
ations, we performed CGH on a set of 29 ovarian tumors. The overall
trend suggested similar changes in both early- and late-stage tumors
(Table 5; Fig. 7). There were, however, conspicuous differences
between the two tumor groups. For instance, the CGH results indi-
cated that losses are more common than gains in the early-stage
tumors. Consistent losses were observed at chromosomal regions of
2q (5 of 12), 4q (8 of 12), 5q (8 of 12), 6q (6 of 12), 13q (6 of 12),
18q (3 of 14), and Xq (5 of 12). Additional losses were also observed
on chromosomes 7, 9, and 15 (2 cases); and 3, 12, 17, and 21 (1 case
each). Gains involving chromosomes 20 (7 of 12); 1 (6 of 12); 3 and
8 (5 of 14); 19 (4 of 12); 11, 12, 16, 17, and 22 (3 of 14); 2, 5, 6, and
18 (1 of 12) were also observed. The chromosomal arms that showed
frequent loss in the late-stage tumors were nearly identical to those
observed in the early-stage tumors, and included 2q (5 of 17), 4q (9 of
17), 5q (9 of 17), 6q and 13q (5 of 17), 18q (6 of 13), and Xq (10 of
17). Less frequent losses were seen on chromosomes 9 (3 cases); 1p
(2 cases); and 3, 7, 8, 11, 14, and 15 (1 case each). Gains on
chromosomes 8 (76%), 20 (70%), 1 and 3 (58%), 12 (52%), 11 (41%),
and 2 (35%) were evident in at least six of the late-stage tumors. Less
frequent gains were observed on chromosomes 19 and 17 (4 of 17); 5
and 7 (3 of 17); 9, 16, and 22 (2 of 13); and 6 and 10 (I case each).

Amplifications were mainly confined to the late-stage ovarian
tumors. These involved regions at 8q23-24 (8 cases); 20q12-13 (6
cases); 3q24-26, 11q12-13, and 12p11-13 (5 cases each); 2p24-25
(3cases); 1p36, 9p21-23, 11q24-25, and 17q24-25 (2 cases each);
and 1 case each on 1q32-44, 2q23-24, 3q13, 5p14-15, 7p21, 7q35,
8q11-21, and 22q12. In contrast, amplifications in the early-stage
cancers were observed in just six instances: three times at chromo-
some 3q24-26 and one case each on 3g23, 8q23-24, and 11q24-25.

DISCUSSION

This report represents the first communication of an investigation
involving the genome-wide examination of changes in gene expres-

sion and chromosomal regions for early- and late-stage ovarian can-
cer. In our cDNA microarray analysis, we identified several differen-
tially expressed genes the potential role of which in carcinogenesis
have been described previously. However, this analysis also identified
several genes, both of known and unknown function, the role of which
in tumor development has yet to be elucidated.

We validated the differential expression of several of the genes
identified through microarray analysis by semiquantitative RT-PCR
of RNA from both ovarian tumor cell lines and primary tumors. The
down-regulation (at least 5-fold) of genes such as hydroxy-8-5 steroid
dehydrogenase, 3B (HSD3B1; Ref. 44), steroidogenic acute regulatory
protein (StAR; Ref. 45, 46), amphiregulin (47), glutathione S-trans-
ferase A3 (48), paternally expressed gene 3 (49), and integral mem-
brane protein 2A (50) have not previously been associated with
ovarian cancer. Other genes such as decorin (41, 51), platelet-derived
growth factor receptor a (52), cadherin 11 (21), cyclin D2 (53),
E2F-related transcription factor DPI (33), NOEY2 (6), and secreted
frizzled related protein (SFRP; Ref. 54), have functions that can be or
have been linked with carcinogenesis. Our expression analysis further
revealed the consistent up-regulation of several genes, including HE4
(40), matrilysin (MMP 7), ceruloplasmin ferroxidase (38), claudin 4
(39), cyclin D1 (55), mucin 1 (56) protease serine 8 (57), keratins 7
(58) and 8 (28), as well as several ESTs. We have also validated the
expression levels of HE4, MMP7, ITM2A, HSD3BI, and PEG3 by
real time RT-PCR in a smaller panel of primary tumors, and the
results were similar to the semiquantitative RT-PCR analysis (data not
shown).

To address the issue of whether the changes that we observed at the
expression level were present at the genomic level, CGH analysis was
performed on 12 early- and 17 late-stage tumors. Chromosomes 2, 4,
5, 6, 13, and 18 showed regions of loss in both stages at a similar
frequency (59—61). Previous genomic sequence copy number screen-
ings of ovarian tumors by conventional and molecular cytogenetics
have reported similar findings (62). High copy number gains or
amplifications were mainly observed in the late-stage tumors (62).
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Fig. 7. Ideograms of the results of CGH analysis l I

of 29 ovarian tumors. Vertical lines to the right of
schematic chromosomes, gains; vertical lines to the
left, losses. Thicker line to the right, the presence of
high copy gain/amplification. A, CGH analysis of
early-stage (1/11) tumors. Copy number changes of
12 tumors indicate a pattern of losses. In particular,
loss of chromosomes 2, 4, 5, 6, 13, and 18 are
frequent. Gains were less frequent, mainly involv-
ing chromosomes 1, 3, 6, 8 11, 19, and 20. B, CGH
analysis of Jate-stage (II/IV) tumors. Copy number
changes of 17 tumors indicate a pattern of losses
and gene amplification; thicker lines, high level
gains/amplifications (~>5 copy number). In con-
trast to the early-stage ovarian carcinomas, there
arc more chromosomal gains, and more tumors
with localized gene amplification, predominantly
involving the 3q24-26, 8q23-24, 11ql2-13,
12p12-13, and 20q12-13 region. Other amplifica-
tions were detected on chromosomal arms 1p, Iq,
2p, 2q, 5p, 7q, 9p, 11q, 16p, 17q, and 18p. Losses
were common on chromosomes 2, 4, 5,6, 13, and 18.

I -
Illl =

Chromosomal regions involved in amplification were 3q24-26 (63),
8q23-24 (64), 11q12-13 (55), 12p11-12 (65), 17q24-25 (66), and
20q12-13 (67).

Inspection of the data generated by CGH and expression profiling
allows one to speculate on a mechanistic basis for the differential
expression of at least some of the genes. For example, CGH results
indicated high-level gains of 8q24 and 11q13 in multiple tumors
(Fig. 8), and the microarray analysis of the same tumors indicated an
increase in expression of genes/ESTs from these same regions: i.e.,
cyclin D1 (PRADI), uncoupling protein 2, folate receptor, and matrix
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metalloproteinase 7, from 11q13; and MYCC (68), PTK2 protein
tyrosine kinase 2 (69), RAD2] homologue (70), and several ESTs
from 824 (data not shown), respectively. From the combined results,
it seems reasonable to consider that the overexpression of these genes
may be the result of gene amplification. Similarly, loss of genomic
sequences from chromosomal region 4q could be responsible for the
low expression of LIM (71), Hevin (72), MAP kinase 10 and several
ESTs detected by the expression profiling from the same region.
The data from the microarray analysis revealed that the majority of
genes that were differentially expressed in ovarian cancer showed
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Cyclin D1

Uncoupling Protein 2

Folate Receptor

l\ Matrix Metalloprotease 7

ESTs

Fig. 8. CGH profile of an ovarian tumor illustrating a high copy gain/amplification in
the 11q12-13 region of chromosome 11. The transcription profile of the same tumor by
¢DNA microarray analysis exhibited overexpression of cyclin D1, uncoupling protein 2,
folate receptor, metalloproteinase 7, and some ESTs from this region.

aberrant transcript levels in both early- and late-stage tumors. At
initial consideration, such results seem contrary to the genetic dogma
associated with solid-tumor evolution that holds that gene alterations,
and presumably, therefore, gene expression changes, become more
prevalent as tumors become increasingly malignant. Interestingly, the
CGH data indicate some differences between early- and late-stage
tumors, especially the more common finding of regional gain and/or
amplification in the late-stage tumors. Consequently, the CGH data
provide some support for the genetic evolution of this solid tumor.

The inconsistency observed between the expression profiling
and the CGH data could potentially be attributable to epigenetic
changes such as methylation. Inactivation of genes attributable to
CpG island methylation is very well documented (73). Evidence
seems to indicate that these changes are probably very early events
in carcinogenesis (74, 75). This may partially explain why the
majority of genes are aberrantly regulated in early-stage tumors. It
is also well documented that amplification events in carcinogenesis
are late events (76-78) and is consistent with what is observed
from the CGH data. Abnormal expression of genes is not attribut-
able only to gene amplification or gains. Other genomic changes
like rearrangements (translocations) are also responsible for alter-
ation in gene expression. CGH can only aid in detecting net
chromosomal losses or gains in tumor cells and does not account
for rearrangements, thus overlooking changes that could be respon-
sible for abnormal expression detected by microarray analysis.

An aspect of our finding that may be especially important to the
clinical treatment of ovarian cancer is the determination of extensive,
aberrant gene expression in early-stage tumors. One of the assump-
tions of most screening strategies is that a significant fraction of stage
III/IV disease metastasizes from stage I lesions. These data are con-
sistent with that possibility. In addition, poorly differentiated stage I
cancers have been treated with cytotoxic chemotherapy. These data
suggest that early-stage lesions have most of the genetic changes
required for metastatic spread, consistent with a need for aggressive
therapy. Further study of the genes that show consistent, high-level
expression changes may result in the identification of markers useful
for early cancer detection and may further point to potential thera-
peutic targets.
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ABSTRACT

To identify novel tumor suppressor genes involved in ovarian carcinogen-
esis, we generated four down-regulated suppression subtraction cDNA librar-
ies from two early-stage (stage I/IT) and two late-stage (stage III) primary
ovarian tumors, each subtracted against cDNAs derived from normal ovarian
epithelial cell brushings. Approximately 600-700 distinct clones were se-
quenced from each library. Comparison of down-regulated clones obtained
from early- and late-stage tumors revealed genes that were unique to each
library which suggested tumor-specific differences. We found 45 down-reg-
ulated genes that were common in all four libraries. We also identified several
genes, the role of which in tumor development has yet to be elucidated, in
addition to several under expressed genes, the potential role of which in
carcinogenesis has been described previously (Bagnoli ef al, Oncogene, 19:
4754-4763, 2000; Yu ef al., Proc. Natl. Acad. Sci. USA, 96: 214-219, 1999;
Mok et al., Oncogene, 12: 1895-1901, 1996). The differential expression of a
subset of these genes was confirmed by semiquantitative reverse transcrip-
tion-PCR using glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as
contrel in a panel of 15 stage I and 15 stage ITI tumors of mixed histological
subtypes. Chromosomal sorting of library sequences revealed that several of
the genes mapped to known regions of deletion in ovarian cancer. Loss of
heterozygosity (LOH) analysis revealed multiple genomic regions with a high
frequency of loss in both early- and late-stage tumors. To determine whether
loss of expression of some of the genes corresponds to loss of an allele by LOH,
we used a microsatellite marker for one of the novel genes on 8q and have
shown that loss of expression of this novel gene correlates with loss of an allele
by LOH. In conclusion, our analysis has identified down-regulated genes,
which map to known as well as novel regions of deletions and may represent
potential candidate tumor suppressor genes involved in ovarian cancer.

INTRODUCTION

Each year approximately 16,000 American women succumb to
ovarian cancer, the deadliest of all gynecological malignancies (1).
Because ovarian cancer is frequently asymptomatic in its early stages,
75% of patients have advanced-stage disease at the time of diagnosis.
However, if the disease is caught in an early stage, the five-year
survival rate jumps to 92%, whereas the anticipated 5-year survival
for patients with advanced stage disease is less than 20%. If stage I
disease is a precursor of late-stage ovarian cancer, as is the case with
many other tumor types, identifying molecular alterations in early-
stage tumors should provide insights into developing strategies for
early detection.

There are several PCR-based approaches to analysis of gene ex-
pression changes including mRNA DD-PCR? (2, 3), RNA fingerprint-
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ing by arbitrary primed-PCR (4, 5), and RDA (6-8). In RDA, several
rounds of subtractions are needed. In addition, RDA does not resolve
the problem of the wide differences in abundance of individual RNA
species. Whereas DD-PCR and arbitrary primed-PCR are potentially
faster methods of identifying expression differences between two
populations, both of these methods have high levels of false positives
and are biased for high-copy-number mRNAs. SSH (9-11) has the
distinct advantage over other PCR-based techniques in that SSH is
used to selectively amplify target cDNA fragments (differentially
expressed) while simultaneously suppressing nontarget DNA ampli-
fication and generating a library of differentially expressed sequences.
The normalization step equalizes the abundant cDNAs within a target
population, and the subtraction step excludes the common sequences
between the driver and tester populations.

In this study, we report on down-regulated genes identified from
two early- and two late-stage primary ovarian tumors subtracted
against normal ovarian epithelial cell brushings. Collectively our
studies demonstrate that (a) several genes, identified in the SSH
libraries as down-regulated genes, map to known regions of deletions
in ovarian cancer; and () LOH analysis revealed novel regions of
deletions not previously identified in early-stage tumors.

MATERIALS AND METHODS

Tissue Processing. All of the specimens were snap-frozen in the surgical
pathology unit at the Mayo Clinic. The tumor content of the specimens was
assessed by H&E-stained sections. Only specimens with >75% tumor content
were used for all of the experiments. Twenty normal ovarian epithelial cell
brushings from patients without cancer were pooled, and the epithelial nature
of these brushings was verified by cytokeratin staining. Only brushings that
contained >90% epithelial cell content were used. A majority of patients
providing normal ovaries were between 45 and 65 years old and were under-
going incidental oophorectomy at the time of pelvic surgery for other indica-
tions. All of the ovaries were examined pathologically and found to be benign.
The histology, grade, and stage of each tumor used in SSH library construction,
semiquantitative RT-PCR, and LOH studies are listed in Table 1. Tumors were
staged according to the criteria proposed by International Federation of Gyn-
ecology and Obstetrics.

Cell Culture. Five of seven ovarian-carcinoma cell lines (OV 167, OV
177, OV 202, OV 207, and OV 266) were low-passage primary lines estab-
lished at the Mayo Clinic (12); SKOV-3 was purchased from American Type
Culture Collection (Manassas, VA); OVCAR 5 is a NIH human ovarian cancer
cell line (13). All cells were grown according to the supplier’s recommenda-
tions.

Suppression Subtraction Libraries. Four down-regulated libraries were
generated from individual tumors. OV 338 (stage I endometrioid), OV 402
(stage II serous), and two stage III serous tumors (OV 4 and OV 13) were all
subtracted against normal ovarian epithelial cell brushings.

Tester and Driver Preparations. Total cellular RNA from primary ovar-
ian tumors (driver) and from 20 pooled normal ovarian epithelial cell brushings
(tester) was prepared using Trizol reagent (Life Technologies, Inc., Rockville,
MD) followed by purification by RNAeasy kit (Qiagen Inc, Valencia, CA).
The integrity of the RNA was assessed by agarose gel electrophoresis. One ug

ase 1; EGRI, early growth response 1; EST, expressed sequence tag; NP, nested primer;
OSE, ovarian surface epithelial cells.
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SSH LIBRARIES OF PRIMARY OVARIAN TUMORS

Table 1 Tumor cohort

Histology Stage  Grade LOH Northern RT-PCR SSH
Cl Cell” OV 106 1 3 - - + -
Ci Cell OV 267 1 3 + - + =
Cl Cell OV 496 1 3 + - + -
Endo OV 51 I 3 + — + -
Endo OV 78 1 3 + . + -
Endo OV 88 I 3 - - + =
Endo OV 105 1 3 + - + -
Endo OV 338 1 3 + + + +
Endo OV 647 1 3 + + + -
Endo OV 684 I 3 + = = -
Serous OV 6 I 3 - - + -
Serous OV 17 1 3 - - + —
Serous OV 20 I 3 - + + -
Serous OV 90 I 3 + - + -
Serous OV 234 1 3 + - + -
Serous OV 363 1 3 - - + -
Serous OV 526 I 3 - - + —
Ci Cell OV 102 I 3 + - + -
Endo OV 296 I 3 + - + -
Serous OV 149 I 3 + + + -
Serous OV 354 1I 3 + - + —
Serous OV 401 11 3 = - + -
Serous OV 402 1T 3 + - + +
Serous OV 414 11 3 + - + -
Cl Cell OV 176 11 3 + - + -
Cli Cell OV 453 1t 3 + - - -
CI Cell OV 623 I 3 + - = -
Endo OV 93 I 3 + + + -
Endo OV 110 1 3 + - + -
Endo OV 259 11 3 + - + -
Serous OV 4 I 3 + + + +
Serous OV 11 111 3 + + -
Serous OV 13 111 3 + + + +
Serous OV 16 1 3 + - + -
Serous OV 29 11 3 + - + -
Serous OV 150 31 3 + - + -
Serous OV 167 m 3 + - + -
Serous OV 182 m 3 + - + -
Serous OV 206 1 3 + - + —
Serous OV 208 In 3 + - + —
Serous OV 461 I 3 + - + -
Serous OV 472 )i 3 - - + -
Serous OV 97 v 3 + - + -

@ Cl Cell, clear cell; +, tumors in which the specific analysis was performed; Endo,

endometrioid.

of total RNA was then used for first- and second-strand cDNA synthesis in a
10-p) reaction volume using Smart II oligonucleotides and cDNA synthesis
(CDS) primer (Clontech, Palo Alto, CA) following the manufacturer’s instruc-
tions. The concentration of reverse-transcribed cDNA was adjusted to 25
ng/ul. The resulting cDNAs were amplified, and the cycle number was
optimized for each sample after amplification with PCR primer (5'-AAG-
CAGTGGTAACAACGCAGAGT-3'). For cycle optimization, aliquots of the
PCR reactions were removed after 15, 18, 21, and 24 cycles of amplifications.
The resulting products were resolved on a 1.5% agarose gel, and optimum
cycle number was chosen after southern hybridization with GAPDH and
transferrin receptor genes as probes. For most samples, the optimum cycle
numbers were between 17 and 19 cycles of amplification. The reaction was
scaled up to generate 3 ug of double stranded cDNAs. The resulting cDNA
was precipitated, washed with 70% ethanol, dissolved in 40 ul of deionized
water, and digested with Rsal in a 50-ul reaction mixture containing 100 units
of enzyme (Boeringher Mannheim, Indianopolis, IN) for 3 h. The blunt-ended
cDNAs were then purified using PCR purification columns (Promega, Madi-
son, WI). The driver cDNAs from primary tumors were adjusted to 300 ng/ul
in a final 7-p1 volume. Fifty ng of digested double-stranded tester (normal
ovarian epithelial cell brushings) cDNA was ligated in two separate reactions
with 2 ul of adapter 1 (10 uM) and adapter 2 (10 pm; provided in the kit),
respectively, and 1.0 unit of T4 DNA ligase (Life Technologies, Inc.) in a
10-pl total volume with buffer supplied by the manufacturer. After ligation, 1
1 of 0.2 M EDTA was added and the samples were heated at 75°C for 5 min
to inactivate the ligase and stored at —20°C.

Subtractive Hybridization. SSH was performed between tester and driver
mRNA populations using the PCR-select cDNA subtraction kit (Ciontech)
according to the manufacturer’s recommendations. Two ul of driver double-
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stranded cDNA (150-200 ng/ul) was added to each of two tubes containing
one pl of adapter-1 and adapter-2 ligated tester cDNA (10 ng) with 1X
hybridization buffer in a total volume of 4 pl. The solution was overlaid with
10 wl of mineral oil and the cDNAs were denatured (1.5 min, 98°C) and
allowed to anneal for 8-9 h at 68°C. After the first hybridization, the two
samples were combined and an additional heat-denatured driver (300 ng) in
1X hybridization buffer was added. The sample was allowed to hybridize for
another 16 h at 68°C. The final hybridization reaction was diluted with 200
of dilution buffer provided by the manufacturer, heated at 68°C for 7 min, and
stored at —20°C.

PCR Amplification. For each subtraction, two PCR amplifications were
performed. The primary PCR reaction in 25 ul contained 1 wl of subtracted
¢DNA, 1 pl of PCR primer] (10 um, 5'-CTAATACGACTCACTATGGGC-
3"), and 0.5 pl each of 50X Advantage cDNA polymerase mix (Clontech) and
10 mm dNTP mix. The cycling parameters were 75°C for 7 min, followed by
27 cycles at 94°C for 30 s, 68°C for 30 s, and 72°C for 2 min. The amplified
products were diluted 10-fold with deionized water and 2 wl were used in the
secondary PCR reactions with NP1 and NP2 primers (provided in the kit). The
cycling conditions were the same as in the primary PCR amplification, except
the reactions were in a 50-u volume for 11 cycles only, with a final extension
cycle for 7 min at 68°C. The subtraction efficiency was determined by both
PCR and-Southern based methods as instructed by the manufacturer.

Cloning and Analysis of the Subtracted ¢cDNAs. Products from the sec-
ondary PCRs were inserted into PCR2.1-TOPO TA cloning kit (Invitrogen,
Carlsbad, CA) following manufacturer’s instructions. Prior to ligation, the sub-
tracted cDNA mix was incubated for 1 h at 72°C with dATP and AmpliTaqg DNA
polymerase (Perkin-Elmer Cetus, Foster City, CA) to ensure that most of the
¢DNA fragments contained “A” overhangs. Approximately 100 ng of PCR-
amplified cDNA were ligated into 50 ng of vector without further purification.
Two pl of ligated products (10 ng of vector and 50 ng of cDNAs ligated in 10-ul
volume) were transformed into 40 ] of DH10B cells by electroporation (Bio-Rad,
Hercules, CA). Routinely, 50- and 200-u! aliquots of the transformed cells (grown
in 1 ml of medium) were plated onto 150-mm Luria-Bertani/agar plates containing
100 pg/ml of ampicillin, with 100 um isopropyl-1-thio-B-D-galactopyranoside
(IPTG) and 50 pg/ml 5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside (X-Gal)
to discriminate white from blue colonies. The transformation efficiency was
2-4 X 10° colonies/pg of DNA.

Hybridization and Screening for Differentially Expressed Transcripts.
The differential hybridization was performed initially on 96 randomly picked
clones to determine subtraction efficiency. The inserts in the plasmid were
amplified using NP-1 and NP-2 primers provided in the kit. The PCR condi-
tions were 94°C for 4 min followed by 30 cycles of 94°C for 30 s, 60°C for
30 s, and 72°C for 2 min, followed by a final extension at 72°C for 5 min. The
products of the PCR reactions were resolved on a 2% agarose gel run in
duplicate. After Southern blotting of the amplified inserts onto Hybond N
membranes (Amersham, Piscataway, NJ). The membranes were stained with
methylene blue in 0.2X SSC and visualized to ensure complete transfer of all
of the products. The blots were then hybridized with Rsal-digested cDNA
probes (reverse Northern). Fifty ng of Rsal-digested tester and driver cDNAs
were labeled using random primer labeling kit (Stratagene, LA Jolla, CA) with
50 uCi of [**P]dCTP following manufacturer’s instructions. Equal counts
(1=2 % 107 cpm/ul) of the cDNA probes from normal and tumor tissues were
heat-denatured and used to probe duplicate blots. Hybridization was performed
at stringent conditions in 0.5 M Na,PO, (pH 7.2), 7% SDS at 65°C. The next
day, the filters were washed twice in 2X SSC, 0.5% SDS at 68°C, then once
in 0.1% SSC, 0.1% SDS at 68°C, and exposed to phosphorimager screens
overnight. The signal intensity of each spot in the membranes was compared
between tester and driver hybridized duplicates. cDNA fragments displaying
differential expression levels of >1.8-fold or higher were selected to estimate
the efficiency of the differential hybridization.

Approximately 600~700 unique clones from each of the four libraries were
successfully sequenced with M13 forward primer using an ABI Prism dye
terminator cycle sequencing in the sequencing core at Millennium Predictive
Medicine, Cambridge, MA. Sequences were compared with the National
Center for Biotechnology Information sequence database using the BLAST
program.

Semiquantitative RT-PCR. Fifty to 100 ng of reverse-transcribed cDNAs
were used in a multiplex reaction with a pair of gene-specific primers and
GAPDH forward (5'-ACCACAGTCCATGCCATCAC-3') and reverse prim-
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ers (5'-TCCACCACCCTGTTGCTTGTA-3'"), which yield a 450-bp product.
The PCR reaction mixes contained 50 mm Tris-HCl (pH 8.3), 1.5 mm MgCl,,
400 pm gene-specific primers, 50 uMm each of the GAPDH primers, and 0.5
units of Taq polymerase (Promega, Madison, WI), in a 12.5-ul reaction
volume. The conditions for amplification were as follows: 94°C for three min,
then 29 cycles of 94°C for 30 s, 50—62°C for 30 s depending on the gene-
specific primers being tested, and 72°C for 30 s in a Perkin-Elmer-Cetus 9600
Gene-Amp PCR system. The products of the reactions were resolved on a
1.6% agarose gel. Band intensities were quantified using the Gel Doc 1000
photo-documentation system (Bio-Rad, Hercules, CA) and its associated software.

The following gene-specific primers were used: for CTSK, (forward) F-
GGA GAT ACT GGA CAAC CCA CTG and (reverse) R-CCA ACT CCC
TTC CAA AGT GC; for PAIL, F-AAT CGC AAG GCA CCT CTG AG and
R-GAT CTG GTT TAC CAT CTT TT; for cyclin D2, F-AGC TGC TGT GCC
ACG AGG T and R-ACT GGC ATC CTC ACA GGT C; for FGF7, F-TAA
TGC ACA AAT GGA TAC and R-ATT GCC ATA GGA AGA AAG; for
EGRI1, F-GAC ACC AGC TCT CCA GCC TGC and R-GGA AGG GCT TCT
GGT CTG GGG; for SPARC, F-CCA CTG AGG GTT CCC AGC AC and
R-GGA AAC ACG AAG GGG AGG GT; for decorin, F-CCT GGT TGT
GAA AAT ACA TGA and R-TGA CAT TAA CAA GAT TTT GCC; for
THBS2, F-TGG TCA CCA GGA CAA AGA CAC and R-ATC CTG CCA
GCA AGC TGA CA; for ITM2A, F-CGC AGC CCG AAG ATT CAC TAT
G and R-CTT ATT ACC AAG GAC ACT CTA TCT; for PEG3, F-CGG AGA
ACT GTG AGA AGC TCG TC and R-GGT GGG GCT AGG CTA GAA GG.

Northern Blot Analysis. Fifteen pg of total RNA was fractionated on
1.2% formaldehyde agarose gels and blotted in 1X SPC buffer [10 mM sodium
phosphate (pH 6.8), 1 mM CDTA (Sigma Chemical Co., St. Louis, MO)] onto
Hybond N membranes (Amersham, Piscataway, NJ). The control small ribo-
somal protein S9, (RPS9) and gene-specific probes were labeled using the
random primer labeling system (Life Technologies, Inc., Gaithersburg, MD)
and purified using spin columns (TE-100) from Clontech. Filters were hybrid-
ized at 68°C with radioactive probes in a microhybridization incubator (Model
2000, Robbins Scientific, Sunnyvale, CA) for 1-3 h in Express hybridization
solution (Clontech, Palo Alto, CA) and washed according to the supplier’s
guidelines. ‘The primers, F-GCA ACA TGC CAG TGG CCC GG and R-ATC
CTC CTC CTC GTC GTC TC for RPS9 yield a 586-bp cDNA fragment, and
the conditions for amplification are similar to the semiquantitative RT-PCR
conditions described above.

LOH Analysis. Fifteen early- and 18 late-stage tumors of differing
histo]ogiesv (Table 1) were analyzed. The 15 early-stage tumors included 3
clear-cell, and 6 each of endometrioid and serous tumors. The 18 late-stage
tumors included 3 clear- cell, 4 endometrioid, and 12 serous tumors. The
markers (Research Genetics, Huntsville, AL) used in this study are listed in
Table 1 along with their chromosomal locations. Two new microsatellite
markers, one near Methylation Controlled J protein on 13q14.f (14) and
another marker within BAC CIT-B-470f8 on 19q14.3 (AC006115) are:
MCJ-NF-5'-GATTGACCACAGTCTTATCT-3' and MCJ-18-5'-TAA-
GAGGTCTACTCATTGCTCAC-3’, and 19-F-5'-GCACCTGGCCCA-
ACTGTAAC-3" and 19R-5'-CCAGCTGCTGGCTCACCTT-3', respec-
tively. The individual oligonucleotides were synthesized in the Mayo
Molecular Technology Core at the Mayo Clinic, Rochester, MN. The PCR
reaction mix contained: 50 ng of genomic DNA, 50 mm KCI, 10 mMm
Tris-HCI (pH 8.3), 1.5 mM MgCl,, 200 uM concentration of each primer,
0.05 pl of [**P]dCTP (10 uCi/ul), and 0.5 units of Taq polymerase
(Promega, Madison, WI) in a 10-ul reaction volume. The conditions for
amplification were: 94°C for two min, then 30 cycles of 94°C for 30 s,
52-57°C for 30 s, and 72°C for 30 s in a Perkin-Elmer-Cetus 9600
Gene-Amp PCR system in a 96-well plate. PCR products were denatured
and run on 6% polyacrylamide sequencing gels containing 8 M urea. The
gels were dried and autoradiographed for 16-24 h and scored for LOH.
Multiple exposures were used before scoring for LOH. Allelic imbalance
indicative of LOH was scored when there was more than 50% loss of
intensity of one allele in the tumor sample with respect to the matched
allele from normal tissue. The evaluation of the intensity of the signal
between the different alleles was determined by visual examination by two
independent viewers (V. S. and J. S.).

RESULTS

In an attempt to identify novel tumor suppressor genes in ovarian
cancer, we generated down-regulated cDNA libraries from two early-
stage (stages I and II; OV 338 and OV 402) and two late-stage (stage
III; OV 4 and OV 13) tumors subtracted against normal ovarian
epithelial cell brushings. The libraries were monitored at each stage of
library construction to ensure that the clones generated from each of
the four libraries truly reflected differentially expressed sequences.
The subtraction efficiency was determined by both Southern- and
PCR-based protocols. Fig. 1, A and B show the subtraction efficiency
of libraries OV 402 (panel 1) and OV 4 (panel 2) by Southern- and
PCR-based methods (Fig. 1B), respectively. We estimated a 60- to
70-fold enrichment of the differentially expressed genes in all four
libraries. This was confirmed with the Southern-based analysis, in
which we saw a complete subtraction of GAPDH in the subtracted
cDNAs (Fig. 14).

We evaluated the differential expression of genes in each of the
libraries by hybridizing tester and driver cDNAs to randomly amplify
96 cloned inserts by colony PCR. PCR products were resolved in
duplicate. Care was taken to ensure equal loading of the PCR products
onto 2% agarose gels to allow direct comparison of hybridization
signal intensities (Fig. 24). After transfer of the PCR products onto
nylon membranes, we performed reverse Northern analyses to identify
differentially expressed transcripts. The cDNA probes used for hy-
bridization were restricted with Rsal to minimize background hybrid-
ization. Faint signals representing rare transcripts could easily be
distinguished with this approach (Fig. 2B). After densitometric anal-
ysis of each of the corresponding bands hybridized with tester and
driver cDNAs, the percentage of these clones that showed the ex-
pected differential hybridization was 70—80%.

We sequenced ~2000 randomly picked clones from each of the
four libraries. After consolidating for clones that appeared more than
once in the libraries, we estimated that there were ~600 distinct
clones sequenced from each of the four libraries.

Analysis of SSH Library Genes. To discern the differences in
gene expression in early- versus late-stage tumors, we compared the
genes in each of the libraries to one another to verify how many of the

1 2

M I 1 23 4 12 3 41
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2 34
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Fig. 1. A, Southern analysis: equal amounts of unsubtracted and subtracted cDNAs
were fractionated on 2% agarose gel, blotted, and hybridized with [**P]dCTP-labeled
GAPDH. Along bottom of image: 1, OV 402 library; 2, OV 4 library. Lanes I and 3,
unsubtracted cDNAs; Lanes 2 and 4, subtracted cDNAs. B, PCR-based analysis: 10 ng of
unsubtracted (Unsub) and subtracted (Sub) cDNAs were amplified with GAPDH primers
as described in “Materials and Methods.” Uppermost numbers, 1, OV 402 library; 2, OV
4 library. Lanes 1-4, products after 18, 23, 28, and 32 cycles of GAPDH amplification;
M, 100-bp ladder.
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Fig. 2. A, products of colony PCR resolved on a 2% agarose gel. The gels were stained
with ethidium bromide and photographed to ensure equal loading. Rows 1 and 3and 2 and
4 arc duplicates. B, duplicatc filters hybridized with double-stranded P*-tester (rows
and 2) and -driver (rows 3 and 4) cDNAs of equal specificity under the same conditions
as described in “Materials and Methods.”

differentially expressed genes were in common among these four
libraries. Of the 600 or so distinct clones in each library, 45 genes
were common to all four libraries (Table 2). These potentially repre-
sent genes that may consistently be down-regulated in both early- and
late-stage ovarian tumors. Similar comparison of genes that were
isolated from any three of four libraries revealed 80 common genes.
There were 130 common genes in the two early-stage tumors. Sixty of
these 130 genes were also present in one of the two late-stage tumors.
A similar kind of analysis comparing sequences in the two late-stage
libraries revealed that there were 210 genes that were common be-
tween them. Only 55 of 210 genes were also identified in either one
of the two libraries generated from early-stage tumors.

Because we had randomly picked the clones for sequencing, we
validated the differential expression of 20 genes ranging from clones
that were highly represented to those that were infrequently occurring
in the libraries to ensure that the sequences generated truly repre-
sented differentially expressed genes between normal and tumor cells.
Initially, seven ovarian tumor cell lines were used for validation by
semiquantitative RT-PCR with ‘GAPDH as control. The expression
profile of these genes in tumor cell lines was compared with short-
term cultures of normal ovarian epithelial cells. Several of these genes
showed complete loss of expression in a number of cell lines (Fig. 34;
Table 3). For example, HSD3B/ (15), which was represented by only
two clones in each of the four libraries, showed complete loss of
expression in all of the seven tested cell lines (Table 4). However,
PAII (16), which appeared several times (100-140) in each of the two
late-stage libraries, showed complete loss of expression in only two of
seven cell lines. We also tested the differential expression of these
genes in 20 early (I/IT)-stage and 16 late (II/IV)-stage primary tumors
of mixed histological subtypes by semiquantitative RT-PCR compar-
ing them with normal epithelial cell brushings. The 20 early-stage
tumors included 5 clear cell, 6 endometrioid, and 9 serous tumors. The
Jate-stage tumors included 1 clear cell, 4 endometrioid, and 11 serous
tumors (Table 1). Fig. 3B shows the results of this analysis for PAII
(16), ITM2A (17), FGF7 (18), PEG3 (19), and a novel gene on 8q.

In addition we tested the expression of HSD3BI and PRSS11, a
serine protease with an insulin-like growth-factor-binding domain
(20), in cell lines and primary tumors by Northern analysis (Fig. 4, A
and B). HSD3BI showed complete loss of expression in all of the cell
lines and the primary tumors. PRSSI] showed complete loss of
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expression in four of seven cell lines in three of eight primary tumors.
Lower levels of PRSS11 expression was also detected in four of eight
primary tumors. Control probe RPS9 was hybridized to the cell line
and primary tumor blots to indicate equal loading of RNA.
Chromosomal Sorting of SSH Genes. Genes from each of the
four libraries were sorted based on their chromosomal positions.
Several of the common genes identified in three or all four libraries
mapped to known regions of deletions in ovarian cancer (21-24). For
example, ARHI (NOEY2), a well-characterized imprinted tumor sup-
pressor gene, with a reported LOH in 40-50% of ovarian cancer cases
maps to 1p31 (25). In addition, caveolin 1 (26), on 7q31.1-31.2, was
identified in all four libraries that maps to a known region of deletion
in ovarian cancer (27). Table 4 lists additional genes mapping to
specific chromosomal regions of deletions in ovarian cancer. Of
interest are chromosomal bands 5¢31-32, 10q11, and 10q25.3-26.2,
because several of the down-regulated genes, isolated from these
bands, were common to three, or were in all four, of the libraries. The
5q31-32 genes are catenin (28), FGF1 (29), HDAC3 (30), selenopro-
tein P, plasmal (SEPPI; Ref. 31), testican (SPOCK; 32), transcrip-
tion elongation factor B (SHI) polypeptide-like (TCEBIL; Ref. 33),
transforming growth factor, B-induced, M, 68,000 (TGFBI); Ref. 34),
CDC23, (35) EGRI (36), and osteonectin (SPARC; Ref. 37). Down-
regulated genes from chromosomal band 10g11.2 and 10¢25.3-26.2

Table 2 Common down-regulated genes in all four libraries
The unigene cluster identifications (IDs) and gene descriptions are included.

Cluster ID Cluster title

Hs. 195851 Actin, @ 2, smooth muscle

Hs. 180952 Actin, y 1

Hs. 75442 Albumin

Hs. 4 Alcohol dehydrogenase 2, B polypeptide

Hs. 87268 Annexin, A8

Hs. 182183 Caldesmon

Hs. 83942 Cathepsin K

Hs. 74034 Caveolin 1

Hs. 169756 Complement component, 1 s subcomponent
Hs. 78065 Complement component 7

Hs. 76053 DEAD/H box polypeptide 5 (RNA helicase, M, 68,000)
Hs. 76152 Decorin

Hs. 58419 DKFZP586L.2024 protein

Hs. 181165 Eukaryotic translation elongation factor 1, & 1
Hs. 2186 Eukaryotic translation elongation factor 1, y 1
Hs. 62954 Ferritin, heavy polypeptide 1

Hs. 89552 Glutathione S-transferase A2

Hs. 5662 G protein, B polypeptide 2-like 1

Hs. 83381 Guanine nucleotide binding protein 11

Hs. 3297 H. sapiens Uba80, mRNA for ubiquitin

Hs. 180532 Heat shock, M, 90,000 protein 1, a

Hs. 158675 Heat shock factor binding protein 1

Hs. 155376 Hemoglobin, 8

Hs. 75445 Hevin

Hs. 103391 IGFBP5

Hs. 38586 HSD3B1

Hs. 825 HSD3B2

Hs. 182187 IGF2

Hs. 107169 Insulin-like growth factor binding protein 5

Hs. 17109 Integral membrane protein 2A

Hs. 184914 KIAA0471-myosin heavy chain

Hs. 181357 Laminin receptor 1 (M, 67,000, ribosomal protein SA)
Hs. 173714 MORF-related gene X

Hs. 153837 Myeloid cell nuclear differentiation antigen

Hs. 1255 Nuclear receptor subfamily 2, group F, member 2
Hs. 74615 PDGF, a polypeptide

Hs. 75111 PRSSI1

Hs. 194695 Ras homolog gene family, member 1 (NOEY2)
Hs. 184108 Ribosomal protein L21

Hs. 180946 Ribosomal protein L5

Hs. 217493 Ribosomal protein $6

Hs. 151604 Ribosomal protein S8

Hs. 82448 Selectin L

Hs. 3314 Selenoprotein P, plasma, 1-histidine rich

Hs. 56306 Small proline-rich protein A

Hs. 46158 ESTs

Hs. 182643 Transeription factor B (SIII), polypeptide 1-like
Hs. 2064 Vimentin
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Fig. 3. A, agarose gel showing the products of semiquantitative RT-PCR in the ovarian cell lines. Lane 1, short-term cultures of normal ovarian epithelial cells (OSE 54); Lane 2,
OV 167; Lane 3, OV 177; Lane 4, OV 202; Lane 5, OV 207; Lane 6, OV 266; Lane 7, OVCAR S; Lane 8, SKOV 3; Lane 9, water control. Probes: CTSK, cathepsin K; SPARC; EGRI;
THBS2, thrombospondin 2; PA/], plasminogen activator inhibitor 1; decorin; cyclin D2; FGF7, fibroblast growth factor 7; ITM2A, integral membrane protein 2A; and GAPDH. B,
agarose gel showing the products of the result of semiquantitative RT-PCR resolved on a 1.6% agarose gel. Along top of the figure, tumor sample numbers; above top of the tumor
numbers, the staging information for these tumors. Lane M, 100-bp ladder; Lane B, normal epithelial cell brushings. Panel 1, PAII, plasminogen activator inhibitor 1; Panel 2, ITM2A,
integral membrane protein 2A; Panel 3, FGF 7, fibroblast growth factor 7; Panel 4, A novel gene; Panel 5, PEG3 and GAPDH .

that were identified from all four libraries were annexin A8 (ANXAS;
Ref. 38) and PRSS11 (39), respectively. Other genes such as nuclear
receptor coactivator 4 (ELEI], 10q11.2; Ref. 40), proteoglycan, se-
cretory granule (PRG1, 10q22.1; Ref. 41), vinculin (VCL, 10q22.1-
23; Ref. 42), lipase A (LIPA, 10q23.3; Ref. 43), and protein phos-
phatase regulatory (inhibitor) subunit 5 (PPPIRS, 10q23-24; Ref.
44) were identified only from the two late-stage libraries, OV 4 and
oV 13.

LOH Analysis of Chromosomal Regions 1p, 6q, 7q, 8p, 9p, 10q,
13q, 17p, and 19q in Stage I/II and Stage III/IV tumors. Because
many of the genes identified from the SSH libraries mapped to known
regions of deletions in ovarian cancer, we analyzed a set of early- and
late-stage tumors for LOH in regions of the genome to which some of
the down-regulated genes mapped. The chromosomal locations of the
markers and the potential down-regulated genes (identified in the SSH
libraries) mapping to these regions are listed in Table 5. Fig. 5 shows
the overall LOH profile obtained. Down-regulated genes mapping to
chromosomal regions of loss identified from the libraries are
HSD3BI1, EGRI, serum glucocorticoid kinase (SGK; Ref. 45), and
forkhead (Drosophila) homologue 1 (rhabdomyosarcoma; FRKH;
Ref. 46) mapping to 1p12-13, 5q31.1-31.2, 6g23.3, and 13ql4.1,
respectively. The approximate positions of these genes in relation to
the markers of their respective chromosomes are also shown (Fig. 5).
The chromosome 1pl1-13 and 6q 23.3 markers showed a higher
frequency of loss in late stage-tumors compared with early-stage
tumors. Other markers on chromosomes 8, 9, and 10 also showed
more losses in high-stage tumors. However, two markers on 5q31 and
13q14.1 and a marker within the BAC CIT-B-470f8 100-kb distal to
the PEG3 locus on 19q13.4 had a higher frequency of LOH in early-
compared with late-stage tumors. Markers D15440, D1S534, D65377,
and D195572 showed no LOH in early-stage tumors. To test whether

loss, and/or lower levels, of expression of a gene corresponded to a
region of loss, we used a microsatellite repeat present within intron 2
of a novel gene on 8q that was identified in this study to determine the
frequency of LOH in these tumors. This marker showed 50% loss both
in low- and high-stage tumors (Table 5; Fig. 5). Fig. 6 shows the
pattern of LOH of this marker in ovarian tumors with the loss of
expression of this gene. For example, as shown in Fig. 6, there was a
direct correlation between lower levels of expression of this gene and
loss of an allele by LOH (tumor numbers 684 and 208). In tumor with
complete loss of expression and deletion of one of the alleles by LOH
(tumor number 182), the remaining allele could be inactivated either
by hypermethylation or by transcriptional inactivation as a result of
other mechanisms. Tumors without LOH (tumors numbers 13 and
234) showed no loss of expression, as evidenced by semiquantitative
RT-PCR.

Thus our LOH analysis revealed known and novel regions of loss
to which down-regulated genes identified from the SSH libraries map,
lending support to the strength of the SSH technique to identify genes
with low levels of expression in tumors. Some of these genes could
potentially represent candidate tumor suppressor genes involved in
ovarian carcinogenesis.

DISCUSSION

This is the first report of down-regulated genes in SSH libraries
generated from primary ovarian tumors. The concept of identifying
differentially expressed genes has been used before in techniques such
as DD-PCR and RDA. The strength of the SSH library is in the
technique’s ability to identify low-abundance transcripts. Although
some of the genes identified from these libraries were also identified
as down-regulated genes by transcriptional profiling of the same
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Table 3 Chromosomal localization of down-regulated genes from SSH libraries

Chromosome Down-regulated genes

1p12-13 Hydroxy-8-5-steroid dehydrogenase, 3 B- and
steroid 8-isomerase 2

1p12-13 Hydroxy-8-5-steroid dehydrogenase, 3 8- and
steroid 8-isomerase 1

1p31 Ras homolog gene family, member I

1921 Cathepsin K (pycnodysostosis)

1g21-q22 Small proline-rich protein 2A

2q33-36 Insulin-like growth factor binding protein 5

2933 Aldehyde oxidase 1

3p21.3 Ras homolog gene family, member A

4q12 Insulin-like growth factor binding protein 7

4q21.2 Alcohol dehydrogenase 2 (class I), 8
polypeptide

5q31 Selenoprotein P, plasma, 1

5q31 Early growth response 1

5q31 Secreted protein, acidic, cysteine-rich
(osteonectin)

6p12.2 Glutathione S-transferase A2

6q23.3 Serum/glucocorticoid regulated kinase

6q27 Thrombospondin 2

7p15-13 Inhibin, B A (activin A, activin AB «
polypeptide)

7q21.3-22 Plasminogen activator inhibitor, type I

7931.1-31.2 Caveolin 1, caveolac protein, M, 22,000

8p22-p21.3 Platelet-derived growth factor receptor-like

8q21 Novel gene

9p21 Ribosomal protein S6

9q11-q22 Annexin Al

10g24.3 Cytochrome P450, subfamily XVII (steroid
17-a-hydroxylase)

10925.3-q26.2 Protease, serine, 11 (IGF binding)

11p15.5 Hemoglobin, 8

11p15.5 Insulin-like growth factor 2 (somatomedin A)

12p13 Cyclin D2

12923 Decorin

13q14.1 Forkhead (Drosophila) homolog 1
(rhabdomyosarcoma)

13q14.3 Integral membrane protein 2B

14q32.1 Protease inhibitor 1 (anti-elastase), a-1-
antitrypsin

14q22-q24 Butyrate response factor 1 (EGF-response
factor 1)

15q15-q21.1 Fibroblast growth factor 7 (keratinocyte
growth factor)

15q15 Thrombospondin 1

16q13-qg21 Matrix metalloproteinase 2 (gelatinase A, M,

16q24.2-q24.3
17

19q13.4
22q12.3
Xq13.3-Xq21.2
Xq21.1

72,000}
Cadherin 13, H-cadherin (heart)
ESTs
Paternally expressed gene 3
Tissue inhibitor of metalloproteinase 3
Integral membrane protein 2A
ESTs

HSD3B1

RPS9
Early Stage Late Stage
I 1 I 1
OSE1 2 3 4 5 6 7 8
B o "~ HSD3BI
B PRSS11

RPS9

Fig. 4. Autoradiograph showing the Northern hybridization results with probes
HSD3BI and PRSS11. RPS9, ribosomal protein S9. A, cell lines: OSE; Lane 1, OV167;
Lane 2, OV 177; Lane 3, OV 202; Lane 4, OV 207; Lane 5, OV 266; Lane 6, OVCAR
5; Lane 7, SKOV3. B, primary tumors: Lanes 1-4, early-stage tumors; Lanes 5-8,
late-stage tumors. The staging information for the primary tumors is listed in Table 1.

tumors (47), we identified several known and unknown genes of very
low abundance only in the SSH libraries.

Analysis of the differentially expressed sequences from early and
late tumors allowed us to compare the library sequences to one
another. In the four SSH libraries, we identified several genes the
function of which in carcinogenesis is known and others with no
known roles in cancer. Some of the common genes, such as fissue
plasminogen activator inhibitor 1, SPARC, caveolinl, and NOEY2
have been demonstrated by others (16, 25, 26) to be differentially
regulated in tumors. The potential tumor-associated function of genes
such as aldehyde oxidase, HSD3BI and 2, ITM2A, alcohol dehydro-
genase 2 (48), PRSS11, and PEG3 have not previously been linked
with ovarian cancer. In addition, the function of several novel ESTs
and genes identified from these libraries remain to be determined.

Table 4 Results of semiquantitative RT-PCR analysis of down-regulated genes in ovarian cancer cell lines

Genes OSE oV 167 oV 177 oV 202 oV 207 OV 266 OVCAR 5 SKOV 3 Chromosomal location
HSD3B1 + - - - - - - - 1p13
CTSK ++ weak - - - - - - 1g21
IGFBPS + - - + - - ND ND 2q33-36
Hevin + - - - - - - - 4
SEPPI + + + - - + + + 5q31
TCEBIL + - + + + + + + 5¢31
EGRI1 + weak - - weak + weak ++ 5q31
SPARC + - - weak - - - - 5q31
FGF1 + . - - + = - + 5q31
Testican + - + + + - + - 5q31
THBS2 ++ weak - - - - - - 6q27
PAIl ++ + - - weak weak weak + 7921
Novel gene + + - + - - - - 8q21
PRSS11 ++ - - + - . + + 10925
Cyclin D2 + - - + - - - - 12p13
Decorin ++ - - ++ - - - - 12921.3
FGF7 + - - + - - - - 15q15-21.1
PEG3 + ++ ++ - - - - 19q13.4
ITM2A ++ - - - + - - - Xq13.3-21.1
Novel gene + - - - - - - - Xq22

“ +, presence of a product; —, Absence of a product; weak, presence of a weak product; ND, not determined.
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Table 5 Markers used for LOH analysis and % LOH in early- and late-stage tumors
. The numbers in parentheses are the number of tumors with LOH/total number of informative tumors.

% LOH in early-stage % LLOH in late-stage

Cytogenetic band

Markers tumors tumors Jocation Down-regulated genes from SSH libraries
DIS189 27 (4/15) 26 (5/17) Ipl13.1
D]S440 0(0/13) 19 (3/16) 1p12
D15453 14 (2/14) 29 (5/17) 1p12
DJ152863 27 (3/11) 29 (5/17) 1p12 HSD3BI1
DIS534 0 (0/10) 22 (4/18) 1p11.2
DIS514 14 (2/14) 33 (6/18) 1pl1.2
D55396 50 (6/12) 50 (8/16) 5q31.1 EGRI, SPARC
D55500 50 (5/10) 38 (5/13) 5g31.2
D55476 28 (2/7) 50 (6/12) 5q31.2
D552119 30 (3/10) 25 (2/8) 5q31.2
D65311 0(0/8) 54 (6/11) 6q23.1 SGK
DG6S977 18 (2/11) 46 (6/13) 6q23.3
D651008 10 (1/10) 37.5 (6/16) 6925
D751805 25 (2/8) 64 (7/11) 7936
D8S258 18 (2/11) 37.5 (6/16) 8p21 PDGFRL 8q Novel Gene
8q NG 50 (6/12) 50 (4/8) 8q
D98§259 36 (5/14) 44 (8/18) 9p21
DI10S215 9 (1/11) 20 (3/15) 10q23.1 LIPA, Actin @ 2 smooth muscle (ACTA2)
D10S574 21(3/15) 17 (3/18) 10g23.3
D1781868 50 (4/8) 23 (3/13) 17q21.1
D135263 67 (6/9) 50 (9/18) 13q14.1
McCJ 62 (5/8) 46 (8/15) 13q14.1 FKHR
DIi9S180 17 (2/12) 28 (5/18) 19q13.3
D198572 0 (0/15) 14 (2/17) 19q13.3
PEG3“ 33 (4/12) 19 (3/16) 19q13.4 PEG3
DI195254 42 (5/12) 53 (9117) 19q13.4
DJ98926 23 (3/13) 50 (8/16) 19q13.4

@ Primers are listed in the “Materials and Methods” section.

Some of these same genes have been identified as down-regulated
genes by other techniques such as cDNA microarray analysis (47, 49)
and DD-PCR (25).

It is a well-accepted concept that functional inactivation of both the
alleles is a prerequisite for a tumor suppressor gene to be defined as
such. The loss of expression of a gene could be caused by the deletion
of both alleles (homozygous deletions), or deletion of one of the
alleles and inactivation of the other allele either by inactivating
mutations or by hypermethylation (50, 51) and/or by altered activity
of a transcriptional repressor (52).

However, chromosomal sorting of ~600 genes and ESTs from each
of the libraries revealed some interesting trends. Many of the genes
identified from the SSH libraries were already mapped to known
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Fig. 5. Histogram of the results of LOH with the
markers tested. [, early stage; B, late stage. % 30 4
LOH (on Y axis), frequency of LOH with specific
markers. Arrows, approximate positions of these 20
genes in relation to the markers on their respective

chromosomes.
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regions of deletions in ovarian cancer (21-24, 53, 54). We wanted to
determine whether some of the known and novel genes identified
from this screen would also map to regions of loss in ovarian cancer.

As evidenced in the LOH analysis, several of these coincided with
regions of deletions observed in ovarian cancer. We identified several
genes mapping to 5q31-32 in the SSH libraries. Of interest is EGRI,
which has recently been identified as a down-regulated gene in
ovarian cancer by cDNA microarray analysis (49). Two markers in the
region, D55396 and D5S500, showed a high frequency of LOH in
early-stage tumors not previously seen. SPARC, an acidic, cysteine-
rich component of the extracellular matrix, is directly regulated by
progesterone and dexamethasone and indirectly by cytokines (55).
Mok et al. transfected the full length SPARC into SKOV3 cells and

[ Early Stage Tumors

SGK LIPA, ACTA2

8q Novel GGene PEG3
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Fig. 6. On top of the figure for both A and B, tumor sample numbers. A, agarose gel
showing the products of semiquantitative RT-PCR resolved on a 1.6% agarose gel. M,
1-kb-plus ladder; the top band is the product of amplification with novel gene (8¢ NG)
primers. Bottom band is the product of amplification with GAPDH primers F (forward)
and R (reverse). B, autoradiograph of LOH results of corresponding tumor samples with
intron 2-associated microsatellite marker. N, normal DNA; 7, tumor DNA; arrow, loss of
the allele in the tumor.

showed both a reduced growth rate in cells expressing SPARC and a
reduced ability of these cells to form tumors in nude mice, which lent
support to SPARC as a tumor suppressor. SPARC was identified as a
down-regulated gene in all four libraries from 5q31. Serum glucocor-
ticoid kinase on 6q23.3, another region of deletion (23), was recently
shown by Brunet et al. (56) to act in concert with Akt in phospho-
rylating forkhead transcription factor, FKHRLI. This phosphorylation
event leads to the activation of the phosphatidylinositol 3-kinase
cascade. Bagnoli et al. (52) have shown a reciprocal negative regu-
lation of « folate receptor (@FR) and caveolin 1 (Cav-1, on 7q31.1)
proteins providing evidence for a new mechanism of Cav-I silencing
in ovarian cancer. As indicated above, comparison of some of the
down-regulated genes identified from the libraries corresponded with
chromosomal regions of loss identified from the LOH studies. A
marker 100 kb distal to paternally expressed gene 3 on 19q13.4 that
was identified in all four libraries showed a higher frequency of
deletion in low-stage compared with high-stage tumors. This is the
first report of such a high frequency of deletion (33%) in early-stage
tumors in this region. Combining genomic with expression-based
analysis, -we were able to identify novel regions of loss in ovarian
cancer. We have identified several known and novel genes, including
ESTs, whose functions in cancer have yet to be discerned. These
genes could potentially lead to the identification of candidate tumor
suppressor genes involved in ovarian cancer.

However, not all of the down-regulated genes in these libraries
could potentially represent tumor suppressor genes. This is essentially
true for ribosomal genes. Other investigators also have reported the
loss of expression of several ribosomal genes (Cancer Genome Anat-
omy Project-Digital Differential Display) in cancer and yet the func-
tional consequence of loss of expression of these genes have not been
directly linked to tumor suppression. Although some of the genes such
as ARHI, caveolin 1, and SPARC that map to regions of deletions in
ovarian cancer have known tumor-suppressing functions, for other
genes, neither the mechanistic basis for the loss nor the functional
consequence of such a loss is known. One of the novel genes identi-
fied in this screen showed 50% LOH in both early- and late-stage
tumors. Using a microsatellite marker associated with this gene, we
were able to correlate the loss and/or lower levels of expression of this
gene with the loss of an allele by LOH. '

The data from the SSH library analysis revealed that there were
many genes that were differentially expressed in both early- and
late-stage tumors. Genes identified in only one library could poten-
tially indicate tumor-specific differences. We do not yet know what
changes are critical in an early-stage tumor to progress to a more
malignant tumor. The genes identified from the SSH libraries are all
based on expression differences. This technique cannot detect gross

genomic changes, including chromosomal rearrangements or the mu-
tator phenotype (57), unless they result in concomitant changes in
transcript levels of genes. However, one very important epigenetic
phenomenon, namely, methylation (58, 59), has been associated with
changes in the levels of gene expression. Evidence seems to indicate
that methylation changes are early events in carcinogenesis leading to
the possibility that the majority of the genes inactivated in early-stage
tumors could be hypermethylated. Some of the genes isolated in this
screen have been reported by others to be inactivated by hypermethy-
lation in ovarian cancer (60, 61). For example, two of the down-
regulated genes identified from chromosomal band 12p13 from the
library sequences such as cyclin D2 (62) and complement component
1 subcomponent (63) do not map to known regions of deletion in
ovarian cancer. These genes could be inactivated by methylation. The
inactivation of cyclin D2 by methylation in Burkitt’s lymphoma (62)
and breast cancer (64) has previously been reported. Transcriptional
inactivation can also result because of aberrant regulation of factors.

In conclusion, we have identified several known and several novel
genes that are down-regulated both in early- and in late-stage tumors.
Several of these genes were later mapped to the regions of loss by
LOH analysis. However, we do not rule out the possibility that loss of
expression of some of these genes could also be attributable to
decreased transcriptional inactivation or through promoter hyper-
methylation. Thus, combining expression- and genomic-based analy-
ses has provided us with novel regions of alterations in ovarian cancer
not previously reported. We are currently pursuing the cloning and
characterization of some of the novel genes identified from these
libraries to address the functional roles of these genes in ovarian

cancer.
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Emerging data suggest that signaling by heparin-
binding growth factors is influenced by the sulfation
state of N-acetylglucosamine residues of heparan sul-
fate proteoglycans (HSPGs). Here we report that the
recently identified protein HSulf-1, a heparin-degrading
endosulfatase, encodes a cell surface-associated enzyme
that diminishes sulfation of cell surface HSPGs. The
message encoding this enzyme is readily detectable in a
variety of normal tissues, including normal ovarian sur-
face epithelial cells, but is undetectable in 5 of 7 ovarian
carcinoma cell lines and markedly diminished or unde-
tectable in ~75% of ovarian cancers. Similar down-reg-
ulation is also observed in breast, pancreatic, renal
cells, and hepatocellular carcinoma lines. Re-expression
of HSulf-1 in ovarian cancer cell lines resulted in dimin-
ished HSPG sulfation, diminished phosphorylation of
receptor tyrosine kinases that require sulfated HSPGs
as co-receptors for their cognate ligands, and dimin-
ished downstream signaling through the extracellular
signal-regulated kinase pathway after treatment with
fibroblast growth factor-2 or heparin-binding epidermal
growth factor. Consistent with these changes, HSulf-1
re-expression resulted in reduced proliferation as well
as sensitivity to induction of apoptosis by the broad
spectrum kinase inhibitor staurosporine and the chemo-
therapeutic agent cisplatin. Collectively, these observa-
tions provide evidence that HSulf-1 modulates signaling
by heparin-binding growth factors, and HSulf-1 down-
regulation represents a novel mechanism by which can-
cer cells can enhance growth factor signaling.

HSPGs! are major constituents of the extracellular matrix,
where they act as important mediators of adhesion as well as
modulators of growth factor signaling and proteolysis (1, 2).
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These biological effects result, in part, from the binding of
polypeptides to the highly sulfated glycosaminoglycan chains of
HSPGs. In some cases, this binding requires sulfation of spe-
cific sites on the glycosaminoglycan chains. Previous work, for
example, has suggested that specific sulfate groups play critical
roles in the interactions between heparin, FGF, and the FGF
receptor (3, 4). In particular, the N- and 2-O-sulfate groups of
heparin are essential for its binding to FGF-2, whereas the
6-O-sulfate groups are required for stimulation of FGFR-1
(5, 6).

The sulfation state of HSPGs is classically thought to reflect
the activity of sulfotransferases that are active during HSPG
biosynthesis. Dhoot et al. (7), however, previously identified the
quail sulfatase QSulf-1 as a developmentally regulated protein
that modulates Wnt signaling by altering HSPG sulfation.
Unlike many other sulfatases, which are lysosomal enzymes,
QSulf-1 was localized on the cell surface (7). These observations
raise the possibility that signaling by other HB-GFs might be
modulated by cell surface sulfatase expression.

Morimoto-Tomita et al. (8) recently utilized the EST
KIAA1077 to identify HSulf-1 as a human homolog of QSulf-1.
Upon expression in Chinese hamster ovary cells, HSulf-1 re-
portedly is released into the medium, where it catalyzes endo-
glucosamine-6-sulfatase activity (8). Further analysis by PCR
demonstrated that HSulf-1 mRNA was expressed in a variety
of tissues, including ovary, although the size of the transcripts
and the possibility of alternative splice forms was not investi-
gated (8).

In a recent study, we performed suppression subtraction
hybridization analyses of two early and late stage tumors sub-
tracted against normal ovarian epithelial brushings, and we
demonstrated that the mRNA corresponding to KIAA1077 is
down-regulated (9). In view of the report of Dhoot et al. (7)
identifying Qsulf-1 as a modulator of Wnt signaling, this ob-
servation raised the possibility that KIAA1077 down-regula-
tion might alter growth factor signaling in ovarian cancer.
Current understanding suggests that generation of the neo-
plastic phenotype requires multiple genetic or epigenetic
changes that increase proliferation, inhibit apoptosis, and en-
hance cell invasiveness (10). Of interest in the present context
is the observation that enhanced signaling by certain “growth
factors” ean simultaneously stimulate proliferation and inhibit
apoptosis (11-13). Elevated expression of and signaling by
growth factors that activate the mitogen-activated kinase path-

eraldehyde-3-phosphate  dehydrogenase; HMEC, human mammary
epithelial cells; HS-GAG, heparan sulfate glycosaminoglycan; FGF, fibro-
blast growth factor; FGFR, FGF receptor; CDTA, 1,2-cyclohexylenedini-
trilotetraacetic acid; TRITC, tetramethylrhodamine isothiocyanate; LOH,
loss of heterozygosity.
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TABLE 1
Primers used in LOH analysis

Sequences

Location within the gene

% LOH
(no. samples with LOH/
no. informative samples)

Product size

CA1F-5' CATCTCCATGTCTGAACTTC 3’ 5' UTR

CA1R-5' ACCTCTTCCTTCAACCTCTG 3’
CA2F-5' GTCCCTTGTAATGATAATAAG 3’ Intron 1
CA2R-5' GAAGACCAAAGTGGCATC 3'

CA3F-5' GAGTAAGAAGAGATATTGGAG 3' Intron 2
CA3R-5' CCTAGCTGTGTGGATCATTGC 3’
CA4F-5' CGAACTCCTGACCTCAAGTG 3’ Intron 3-1
CA4R-5' CAGAGGGTGGGTGCAGAGTC 3’
CAS5F-5’' TAGAATACCTGCACTTCACTG 3’ Intron 3-2
CA5R-5' GAAGACCAAAGTGGCATC 3’

13 CA repeats

21 CA repeats

11 CA repeats

24 CA repeats

bp

379 46% (4/9)
275 47% (7/15)
247 53% (9/17)
212 50% (4/7)
193 50% (10/20)

10 GAAG repeats

way, including FGF and HB-EGF, have been seen frequently in
ovarian cancers and other solid tumors (14-20). Moreover,
activation of the ERK pathway has been implicated in en-
hanced proliferation as well as resistance to apoptosis (21, 22).
As a result, there is considerable interest in understanding the
factors that contribute to activation of this pathway as well as
mechanisms that can reverse this activation.

In this report, we describe the widespread down-regulation
of HSulf-1 in cancer cell lines and ovarian cancer specimens. To
examine the functional consequences of this down-regulation,
we re-expressed HSulf-1 in two ovarian cancer cell lines that
lack this message. Results of this analysis suggest that HSulf-1
is a cell surface sulfatase that diminishes HSPG sulfation,
thereby modulating signaling by HB-GFs. Consistent with this
conclusion, we demonstrate diminished ERK pathway activa-
tion after treatment with FGF-2 and HB-EGF, diminished
proliferation, and enhanced drug-induced apoptosis in ovarian
cancer cell lines in which HSulf-1 is re-expressed. These obser-
vations not only provide new insight into the function of
HSufl-1, but also suggest that its down-regulation is a previ-
ously unidentified mechanism by which cancer cells enhance
growth factor signaling.

MATERIALS AND METHODS

Cell Culture—OQV167, OV177, OV202, OV207, and OV266 ovarian
cancer cell lines and the short term cultures of the normal ovarian
epithelium were established at the Mayo Clinic (23). The ovarian cancer
cell lines OVCAR-5 and SKOV-3, as well as breast (BT474, MCF-7,
MCF-10A, MDA-MB-157, MDA-MB-361, MDA-MB-435, UACC812, and
UACCB893), pancreas (AsPcl, BxPc3, CAPAN 1, CAPAN 2, CFPAC-1,
and Mia), kidney (HTB45, HTB49, and CRL 1633), and hepatocellular
carcinomas (Hep3B, HepG2, HUH7, HSNU182, SNU387, SNU423,
SNU449, SNU475, SKHepl and PLC5) were from American Type Cul-
ture Collection (Manassas, VA). Normal human mammary epithelial
Cells (HMEC) were from Clonetics Corp. (San Diego). All cells were
grown according to the providers’ recommendations.

Drugs and Reagents—Staurosporine (Sigma) and UCN-01 (Drug
Synthesis Branch, NCI, National Institutes of Health) were dissolved in
Me,SO at a concentration of 1 mM, stored at —20 °C, and subsequently
diluted with serum-free medium before use. In all experiments the
concentration of Me,SO did not exceed 0.1%. Cisplatin (Sigma) was
prepared immediately before use as a 1000-fold concentrated solution in
Me,SO. Fibroblast growth factor, heparin-stabilized FGF, and heparin-
binding epidermal growth factors (Sigma) were dissolved in water.

Cloning of HSulf-1 ¢cDNA and Gene—BLAST search of the isolated
sequence from SSH libraries of early and late stage tumors identified
ESTs homologous to KIAA1077 in the dbEST. The homologous ESTs
were assembled into a contig with the use of Sequencher 3 software
(Gene Codes Corp, Ann Arbor, MI). Additional 5’ sequences not present
in KIAA1077 were obtained with electronic walking by assembling
overlapping EST sequences in the genome BLAST server. The integrity
of the full-length ¢cDNA obtained by this electronic walking was con-

firmed by PCR analysis using PCR primers flanking each junction
between EST clones.

For expression of truncation mutants of HSulf-1, the N-terminal
portion of HSulf-1 (N-Sulf) containing only the sulfatase domain was
amplified using primers NF (5-ATTGGACCAAATACAATGAAG-3')
and NRFlg (itaagccttgtcategteettgtagtcGAATGTATCACGCCAAAT),
where the lowercase letters encode the FLAG epitope. The C-terminal
portion of HSulf-1 (C-Sulf) was amplified using primers CF (5’-CGT-
GATACATTCCTAGTGG) and CRFlg (ttaagecttgteategtecttgtagtcACC-
TTCCCATCCATCCCA) with a stop codon introduced after the epitope
tag. The full-length HSulf-1 was amplified using primers NF and CRFlg
using Expand™ Long Template PCR system (Roche Applied Science).
All three products were cloned into GFP Fusion TOPO® TA Expression
plasmid (Invitrogen). For generating a full-length HSulf-1/GFP fusion
construct, the stop codon of CRFig was not included. cDNAs generated
from short term cultures of normal ovarian surface epithelial cells were
used as a template for generating PCR products for cloning. The prod-
ucts of each PCR were resolved on a 1.6% agarose gel and purified using
a gel extraction kit (Qiagen, Valencia, CA) for cloning into expression
vectors.

Establishment of Stable Transfectants—Exponentially growing
SKOV3 cells in 100-mm dishes were washed with serum-free medium
and treated with a mixture containing 4 ug of plasmid, 30 ul of Lipo-
fect AMINE, and 20 ul of Plus reagent. After 3 h of incubation, complete
medium with serum was added. G418 (400 pg/ml) was added 24 h later
to select transfectants. Individual colonies were subsequently cloned
using cloning cylinders. For controls, cells were similarly transfected
with vector (pcDNA3.1 GFP-CT); and stable clones were selected.

Semi-quantitative RT-PCR—Total RNA was extracted from 7 ovar-
ian cancer cell lines and 30 primary ovarian tumors using the RNeasy
mini kit (Qiagen). cDNA synthesis was performed as described (9).
50-100 ng of reverse-transcribed cDNA was used in a multiplex reac-
tion with three different primer pairs Sulf-1F (5'-CCACCTTCATCAAT-
GCCTT-3') and Sulf-1R (5'-CCTTGACCAGTCCAAACCTGC-3),
Sulf-2F (5’-CATCATTTACACCGCCGACC) and Sulf-2R (5'-CTGCCG-
TCTCTTCTCCTTC-3'), Sulf-3F (5'-GAGCCATCTTCACCCATTCAA-
3’) and Sulf-8R (5'-TTCCCAACCTTATGCCTTGGGT-3'), and
GAPDH-F (5'-ACCACAGTCCATGCCATCAC-3') and GAPDH-R (5'-T-
CCACCACCCTGTTGCTTGTA-3') in separate reactions to yield 760-,
1260-, and 825-bp products, respectively. The PCR mixes contained 50
mm KCl, 10 mm Tris-HCI (pH 8.3), 1.5 mm MgCl,, 400 um concentration
of each primer for HSulf-1 and 50 uM for the GAPDH primers, and 0.5
units of Taq polymerase (Promega) in a 12.5-ul reaction volume. The
conditions for amplification are as follows: 94 °C for 3 min followed by
29 cycles of 94 °C for 30 s, 58 °C for 30 s, and 72 °C for 30 s in a
PerkinElmer Life Sciences 9600 Gene-Amp PCR system. The products
of the reaction were resolved on a 1.6% agarose gel and photographed
using the Gel Doc 1000 photo documentation system.

LOH Analysis—The 5 pairs of microsatellite markers within the
HSulf-1 gene used in this study are listed in Table I along with their
locations within the HSulf-1 gene. Amplifications were performed as
described (9) except that annealing was performed at 52-57 °C, and
reactions were run in a 96-well plate. After denaturation, PCR products
were run on 6% polyacrylamide sequencing gels containing 8 M urea.
Gels were dried, subjected to autoradiography using multiple exposure
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tifnes, and scored for LOH. Allelic imbalance indicative of LOH was
scored, and a >50% loss of intensity of one allele in the tumor sample
with respect to the matched allele from normal tissue was observed.

Northern Blot—Total RNA (15 ug) was fractionated on 1.2% formal-
dehyde agarose gels and blotted in 1x SPC buffer (20 mm Na,HPO,, 2
mM CDTA (pH 6.8)) onto Hybond-N membranes (Amersham Bio-
sciences). The probes were labeled using the random primer labeling
system (Invitrogen) and purified using spin columns (100 TE) from
Clontech. Filters were hybridized at 68 °C with radioactive probes in a
hybridization incubator and washed according to the manufacturer’s
guidelines.

Analysis of Apoptosis—Apoptosis was quantitated by assessing the
number of cells containing nuclear changes indicative of apoptosis
(chromatin condensation and nuclear fragmentation) after staining
with DAPI. HSulf-1-transfected SKOV3 cells were seeded in 35-mm
plates at a density of 2 X 10° cells/well. After incubation at 37 °C for
24 h, the plates were washed and changed to serum-free medium.
Staurosporine was added to a final concentration of 1 uM for 5 h. DAPI
was then added to each well at a final concentration of 5 ug/ml. After a
90-min incubation in the dark at 20 °C, cells were examined by fluo-
rescence microscopy (Nikon Eclipse TE200; Nikon Corp., Tokyo, J apan)
using excitation and emission filters of 380 and 430 nm. An individual
blinded to the experimental conditions counted at least 300 cells in six
different high power fields for each treatment. Each treatment was
repeated at least three times, performed in triplicate each time. To
inhibit apoptosis, the cells were pretreated with 40 um N-(N*-benzyl-
oxycarbonylvalinylalanyl) aspartic acid (O-methyl ester) fluoromethyl
ketone for 1 h before the addition of staurosporine. The significance of
differences between experimental variables was determined using the
Student’s ¢ test.

Proliferation Assays—SKOV3 parental cells and cells stably trans-
fected with empty vector were plated at 100,000 cells/10-cm disk in
triplicate in complete medium. After trypsinization, the total number of
trypan blue-excluding cells was determined daily for 5 days.

Treatment with FGF-2, HB-EGF, and EGF—To assess the role of
HSulf-1 in HB-GF-mediated signaling, vector-transfected and HSulf-1
clones 7 and 8 were serum-starved for 8—12 h, treated with diluent, 10
ng/ml FGF-2, 100 ng/ml HB-EGF (Sigma), or 10 ng/ml EGF for the
times indicated in individual figures. Following treatment, cells were
rinsed with ice-cold PBS, scraped from the dishes, and lysed at 4 °C in
SDS sample buffer without bromphenol blue. Protein concentrations
were determined with bicinchoninic acid (Pierce).

Immunoblotting—Equal amounts of protein (20 pg/lane) were sepa-
rated by electrophoresis on an SDS gel containing a 4-12% acrylamide
gradient and electrophoretically transferred to nitrocellulose. Blots
were washed once with TBS, 0.2% Tween 20 (TBST) and blocked with
TBST containing 5% non-fat dry milk for 1 h at 20 °C. The blocking
solution was replaced with a fresh solution containing a 1:500 dilution
of rabbit anti-phospho-ERK (Cell Signaling Inc., Beverly, MA). After
overnight incubation at 4 °C, the blots were washed three times for 10
min each in TBS, 0.1% (w/v) Tween 20 and incubated with horseradish
peroxidase-conjugated secondary antibody in 5% milk/TBST at 20 °C
for 1 h. After washing 3 times in TBST, the proteins were visualized
using enhanced chemiluminescence (Amersham Biosciences). The blots
were stripped and reprobed with antisera that recognize total ERK,
EGFR phosphorylated on Tyr'%® and/or Tyr®®, total EGFR (all from
Cell Signaling Inc., Beverly, MA), or mouse monoclonal anti-actin
(Sigma).

Sulfatase Assay—Confluent flasks of stable transfectants were
washed in ice-cold PBS and lysed in SIE buffer (250 mM sucrose, 3 mM
imidazole (pH 7.4), 1% ethanol) containing 1% (w/v) Nonidet P-40 and
protease inhibitor mixture (Roche Applied Science). After cells were
sheared by passage through a 20-gauge needle, protein concentration
was determined using the Bradford assay. 100 ug of total cellular
protein was preincubated with 10 uM estrone 3-O-sulfamate (Sigma) at
37 °C for 1 h to inhibit steroid sulfatases. 4-MUS was then added to a
final concentration of 10 mM in the presence of 10 mm lead acetate in a
total volume of 200 pl. After incubation for 24 h at 37 °C, the reaction
was terminated by addition of 1 ml of 0.5 M Na,CO,/NaHCO, (pH 10.7).
The fluorescence of the liberated 4-methylumbelliferone was measured
using excitation and emission wavelengths of 360 and 460 nm, respec-
tively. To assess the effects of transient transfection, SKOV3 cell ly-
sates prepared 48 h after transfection with empty vector, full-length
HSulf-1 ¢DNA, or mutant N-Sulf were assayed as described above
except that the incubation was shortened to 3.5 h.

HSulf-1 Localization—SKOV3 cells seeded on glass coverslips were
allowed to adhere overnight and then transfected with empty vector or
¢DNA encoding full-length HSulf-1 fused at its C terminus to GFP. 24 h
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after transfection, cells were fixed in 4% paraformaldehyde, permeabi-
lized with 0.2% Triton X-100, and mounted with Vectorshield® mount-
ing medium containing DAPI. The GFP fusion protein was visualized
using a Zeiss LS510 laser scanning confocal microscope. Alternatively,
SKOV3 cells were transfected with 4 ug of plasmid encoding FLAG-
tagged HSulf-1, incubated for 24 h, washed with PBS, fixed for 10 min
in PBS containing 3.7% formaldehyde and 1% sucrose, washed with 0.1
M glycine in PBS, permeabilized with PBS containing 0.4% Triton X-100
and 2% bovine serum albumin for 20 min, and washed three times in
washing buffer (PBS containing 0.2% bovine serum albumin and 0.1%
Triton X-100). After incubation for 1 h at 20 °C with anti-EGFR anti-
body, cells were washed four times with washing buffer, incubated with
1:200 TRITC-conjugated anti-rabbit IgG and 1:200 FITC-conjugated
anti-FLAG monoclonal antibody (Sigma) in the dark, washed twice in
washing buffer, stained with 0.5 pg/ml DAPI for 5 min, washed twice in
PBS, and viewed with an Axiovert 35 epifluorescence microscope (Carl
Zeiss, Thornwood, NY) equipped with a 100-watt mercury lamp or a
Zeiss LSM510 confocal microscope.

HSulf-1 Distribution—48 h after transfection of ¢DNA encoding
GFP-tagged HSulf-1 into SKOV3 parental cells, cells and medium were
collected separately. The cells were washed in ice-cold PBS, scraped,
and lysed at 4 °C in SDS buffer without bromphenol blue. Protein
concentrations were determined with bicinchoninic acid (Pierce). Con-
ditioned medium was concentrated in a Centricon 10 microconcentrator
(Millipore Corp). The cell lysate and 50X concentrated medium were
resolved on 7.5% SDS-polyacrylamide gels under reducing conditions.
Immunoblotting was performed as described above using anti-GFP
antibody (Santa Cruz Biotechnology).

Sulfation State of Cell Surface HS-GAGs—Cells growing on cover-
slips for 24 h were fixed in methanol for 10 min at —20 °C, washed with
PBS, and incubated for 1 h at 20 °C with 1:30 dilution of mouse 10E4
antibody, which recognizes an epitope that includes the N-sulfated
glucosamine residue (Seikagaku America, Falmouth, MA). After wash-
ing, cells were stained with FITC-conjugated anti-mouse IgG and ex-
amined by laser scanning confocal microscopy as described above. As a
control, cells were stained with antibody 3G10, which recognizes non-
glycosylated glycosaminoglycans. In brief, cells grown on coverslips for
94 h were fixed in 4% paraformaldehyde at 37 °C for 20 min, washed,
preincubated in buffer containing 50 mM sodium acetate (pH 7.0), 100
mu NaCl, and 3.3 mm CaCl, at 37 °C for 1 h, and followed by incubation
with 20 milliunits/m] of heparitinase I (Sigma) for 1.5 h at 87 °C. After
thorough washing, cells were incubated with a 1:250 dilution of 3G10
monoclonal antibody (Seikagaku America) for 2 h at 37 °C followed by
FITC-conjugated anti-mouse IgG and examined as described above.

RESULTS

Characterization of the HSulf-1 cDNA and Gene—Differen-
tial screening of suppression subtraction cDNA libraries gen-
erated from primary ovarian tumors subtracted against normal
ovarian epithelial cells previously identified an EST homolo-
gous to KIAA1077 (9) as a transcript that is down-regulated in
ovarian cancer. In order to study the function of the corre-
sponding polypeptide, the cDNA and gene were cloned as de-
scribed under “Materials and Methods.”

After HSulf-1 was assembled into a contig using Sequencher
3 software, a 5696-bp ¢cDNA containing a single open reading
frame encoding an 871-amino acid polypeptide was isolated
(GenBank™ accession number AF545571). The predicted
amino acid sequence is identical to that recently reported for
HSulf-1 (8). Based on the computer algorithm Signal P version
1.1 at the Centre for Biological Sequence Analysis website (24),
a 22-amino acid signal peptide (MKYSCCALVLAVL-
GTELLGSLC | ST) is found at the N terminus, with the most
likely cleavage site indicated by | . The transmembrane pre-
diction program TMPRED (25) predicts two additional mem-
brane-spanning domains at amino acids 69-88 and 754-779.
The ¢cDNA contains five potential polyadenylation signals
AATAAA at positions 4170, 4679, 4820, 4824, 5052, and 5678.

The HSulf-1 gene spans ~211-kb genomic fragment on chro-
mosome 8q18.3. Our analysis of the cDNA and gene agree with
that reported by Morimoto-Tomita et al. (8) with one notable
exception. Morimoto-Tomita et al. (8) reported the presence ofa
280-bp noncoding exon in the 5-UTR that they called exon 1
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Fic. 1. Genomic structure, domain Atc
structure, and expression profile of
HSulf-1. A, schematic representation of
genomic structure of HSulf-1. The num- 1 100
bered boxes indicate exons; the horizontal
lines indicate introns. The coding exons
are indicated by black boxes and noncod-
ing exons by open boxes. Not shown is the
280-bp exon reported by Morimoto-To-
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mito et al. (8) listed in Table III as exon
1A, as RT-PCR fails to demonstrate the
transcription of this exon in mRNA from a
variety of tissues. The sulfatase domain

spans exons 5-13. B, HSulf-1 ORF is pre-
dicted to encode an 87l-amino acid
polypeptide with a 22-amino acid long sig-

nal peptide and 410-amino acid long sul-
fatase domain at the N terminus. C, por-

tions of the polypeptide encoded by the D
truncation mutants N-Sulf and C-Sulf,
which are utilized in subsequent experi-
ments. D, multiple tissue Northern blot
(Clontech, Palo Alto, CA) probed using
radiolabeled full-length HSulf-1 ORF.

The arrows point to the two different
splice forms of HSulf-1 in prostate, ovary,

small intestine, and colon. PBL, periph-

eral blood leukocytes. Testis expresses
tissue-specific transcripts.

Spleen

44—

24—
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(8), and we will denote exon 1A. In addition to this sequence, we
have identified two other noncoding exons, one 5’ to this exon
(314 bases, which we call exon 1) and another 3’ to this se-
quence (165 bases, which we call exon 2). To determine which
of these exons, 1, 1A, or 2, are present in transcribed message,
primers in exons 1 and 5 were utilized to amplify a 950-bp
5'-UTR from normal ovarian epithelial cells, HMEC, and nor-
mal kidney. All of the cDNAs amplified lacked exon 1A. In-
stead, two different splice variants were amplified, a less abun-
dant one lacking exon 1A but containing exons 1 and 2, and a
more abundant one lacking both exon 1A and exon 2 (data
not shown).

HSulf-1 Is Widely Expressed in Normal Tissue—Northern
blot analysis using full-length HSulf-1 ¢cDNA as a probe (Fig.
1D) revealed a 6.0-kb and a smaller 5.0-kb transcript. Expres-
sion was observed in all nonlymphoid tissues but was highest
in small intestine, pancreas, and colon. Importantly, the blot
shown in Fig. 1D contains message from total ovary. Further
analysis (Fig. 2, A and B) demonstrated that HSulf-1 message
was readily detected in purified human ovarian surface epithe-
lial cells. Testis appears to express tissue-specific splice vari-
ants that have not been characterized further.

Decreased HSulf-1 Expression in Primary QOvarian Can-
cers—Because KIAA1077 was initially identified as a down-
regulated transcript in SSH libraries of ovarian cancer, we next
evaluated HSulf-1 expression ovarian cancer cell lines and
primary tumor specimens. Although semi-quantitative PCR
(Fig. 2, A, C, and E, lane 1) and Northern blotting (Fig. 2B)
readily detected HSulf-1 mRNA in all normal ovarian surface
epithelial samples examined, the message was undetectable in
5 of 7 ovarian cancer cell lines (Fig. 2, A and B). Moreover,
semi-quantitative RT-PCR with overlapping primers spanning
the entire HSulf-1 open reading frame (illustrated in Fig. 2C
and summarized in Table II) demonstrated that HSulf-1 down-
regulation is common in primary ovarian cancer specimens. In
particular, HSulf-1 mRNA was undetectable in 40% of samples
and extremely weak in another 37%. Among the histological
subtypes of ovarian cancer, clear cell cancers have a particu-
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CSulf
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larly poor prognosis (26) and uniformly lack detectable HSulf-1
expression (Fig. 2C and Table II).

To begin to assess the mechanism by which HSulf-1 expres-
sion might be decreased in ovarian cancer, LOH analysis was
performed. Genomic sequence analysis revealed microsatellite
markers in the 5’-UTR, introns 1 and 2, and two within intron
3. The primers flanking these repeats are shown in Table I.
Analysis in 30 primary ovarian tumor samples revealed that
LOH of these markers ranged from 44 to 53% (Fig. 2D).

Decreased HSulf-1 Expression in Other Tumor Types—To
assess the possibility that loss of HSulf-1 expression might be
unique to ovarian cancer cells (Fig. 2, A-C), semi-quantitative
RT-PCR was performed using cancer cell lines of breast, pan-
creas, kidney, and liver origin. For these studies, normal
HMEC and normal kidney (Fig. 2E, lanes 1 and 16) served as
positive controls. Results of this analysis revealed that the
majority of cancer cell lines had either a complete loss or
markedly diminished expression of HSulf-1 (Fig. 2E), raising
the possibility that down-regulation of this transcript might be
relatively widespread among epithelial malignancies. How-
ever, MCF10A cells derived from fibrocystic breast generally
regarded as relatively normal (27) also had a complete loss of
HSulf-1 expression, possibly implicating HSulf-1 loss as an
early event in mammary carcinogenesis.

HSulf-1 Encodes an Active Sulfatase—To begin to analyze
the function of HSulf-1, full-length ¢cDNA was stably trans-
fected into two lines lacking detectable message, SKOV3 and
OV207, and multiple clones were isolated. Analysis by RT-PCR
demonstrated varying levels of message within the clones (Fig.
3A). Both sets of lines were utilized in the analyses presented
below.

To determine whether the stable transfectants exhibited sul-
fatase activity, cell lysates from clones displaying abundant
HSulf-1 message were incubated with the fluorogenic substrate
4-MUS in the presence of estrone 3-O-sulfamate to specifically
inhibit endogenous steroid sulfatase activity (Fig. 3, B and C).
By using this nonspecific sulfatase substrate, an increase in
activity comparable with that reported by Morimoto-Tomita et

-
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Fic. 2. Expression of HSulf-1 mRNA
is decreased in cancer cell lines and
clinical cancer specimens. A, RT-PCR
in short term cultures of normal ovarian
epithelial cells (OSE) and ovarian cancer
cell lines. The top band is the product of
amplification with HSulf-1 primers 1 and
2. The bottom band is the product of am- C
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B, upper panel, autoradiograph showing
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corresponding samples to show equal
loading. C, agarose gel showing the prod-
ucts with HSulf-1 primers 1 and 2 by
semi-quantitative RT-PCR in primary
ovarian tumors resolved on a 1.6% agar-
ose gel. Samples are numbered and
grouped according to tumor hlstology M,
100-bp ladder; NB, normal ovarian epi-
thelial cell brushings. D, histogram show-
ing the % LOH with mlcrosatellite re-
peats in the introns of HSulf-1 in 33
matched normal/tumor tissue samples.
Frequency of LOH with specific markers
varied between 40 and 50%. For each
marker, an autoradlograph of LOH anal-
ysis is illustrated using DNA from tumor
OV 182 (T) and normal leukocytes (V)
from the same patient. Arrowhead indi-
cates loss of an allele in the corresponding
tumor DNA. E, agarose gel showing the
products with HSulf 1 primers 1 and 2 by
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al. (8) was observed in HSulf-1-expressing clones compared
with parental cells or clones transfected with empty vector. A
comparable increase in sulfatase activity was also observed
48 h following transient transfection of full-length H-Sulf-1
¢DNA into SKOVS cells (data not shown).

HSulf-1 Is Localized to the Cell Surface—The avian ortholog
of HSulf-1, QSulfl, was shown to localize to the cell surface (7).
In contrast, Morimoto-Tomita et al. (8) reported that HSulf-1is
secreted to the medium after transfection into Chinese hamster
ovary cells. To being to address this apparent inconsistency,
¢DNA encoding HSulf-1 fused to GFP was transiently trans-
fected into SKOV3 cells. Blotting with anti-GFP antibody
readily detected the fusion protein in whole cell lysates but not
in medium that was concentrated 50-fold (Fig. 4A). This is

HSuif-1

similar to observations made previously with the HSulf-1 ho-
mologs QSulf-1 and RsulfFP1 (7, 28).

Confocal microscopy of cells expressing the HSulf-1/GFP fu-
sion protein demonstrated that HSulf-1 localized to the plasma
membrane (Fig. 4B). Further analysis demonstrated co-local-
ization with growth factor receptors such as EGFR at the cell
surface (Fig. 4C).

HSulf-1 Expression Is Associated with Decreased HSPG
Sulfation—To assess the possibility that HSulf-1 affects
HSPG sulfation, clones transfected with empty vector or
HSulf-1 were stained with 10E4 antibody, which specifically
recognizes sulfated glucosamine in HSPGs (29). Intense
staining was observed in parental and vector transfected
cells (Fig. 5A). In contrast, HSulf-1-expressing clones showed
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reduced staining. Staining with anti-stub antibody 3G10 re-
vealed that both HSulf-1-negative and HSulf-1-transfected
cells express HSPGs equally (Fig. 5B).

To assess further the ability of HSulf-1 to modulate cell
surface sulfation, OV202 cells, which endogenously express
HSulf-1 (Fig. 2, A and B), were transiently transfected with
HSulf-1 antisense ¢cDNA. Cell surface staining for sulfated
glucosamine in HSPGs was markedly increased (Fig. 5C). Col-
lectively, these results provide preliminary evidence that
HSulf-1 down-regulation increases HSPG sulfation and
HSulf-1 re-expression decreases HSPG sulfation.

HSulf-1 Modulates Signaling by HB-EGF but Not EGF—To
determine whether HSulf-1 modulates HB-GF signaling, we
examined the action of HB-EGF in parental and HSulf-1-trans-
fected ovarian cells. This growth factor was chosen because of
its dependence on heparin binding for its action and because of
its postulated role in ovarian carcinogenesis (30). Overexpres-
sion of HER2 and HER4, which mediate the effects of heparin-
independent EGF and HB-EGF, respectively, is well docu-
mented in ovarian cancer cells (30, 31).

HB-EGF treatment of serum-starved parental and vector-
transfected cells resulted in sustained phosphorylation of the
EGFR on Tyr'%?8 (Rig. 6A, upper panels). Identical results were
obtained with anti-Tyr®®? antiserum (data not shown). Both
Tyr'%8 and Tyr®®? have been implicated in EGFR-induced
ERK pathway activation (32, 33). Consistent with the en-
hanced phosphorylation of these sites, ERK phosphorylation
was demonstrated in these cells after HB-EGF treatment (Fig.
64, lower panels). In contrast, HSulf-1-expressing clones dem-

TasLe II
Expression analysis in primary ovarian tumors
HSulf-1 mRNA was examined by semiquantitative RT-PCR as illus-
trated in Fig. 2. Relative levels were scored as absent (0), barely detect-
able (1+), detectable but diminished compared with OSE (2+), or equal
to ovarian surface epithelial cells (3+).

Samples Tested HSulf-1 =0 HSulf-1 = 1+
Total 30 12 (40%) 11 (37%)
Clear cell 4 4 (100%) 0
Endo 9 6 (67%) 1(11%)
Stage I 5 4 (80%) 1(20%)
Stage IIT 4 3 (75%) 0
Serous 17 1 (6%) 16 (59%)
Stage /11 5 1 (20%) 4 (80%)
Stage IIT 11 0 6 (55%)

A

Parental
Vector

Fic. 3. Increased sulfatase activity
after Hsulf-1 re-expression. A, RT-
PCR of parental, vector-transfected, and
HSulf-1-transfected clones obtained from
SKOV3 (left) and OV207 (right) ovarian
cancer cell lines. B, cell extracts from pa-
rental cells and stable SKOVS3 clones
were assayed for sulfatase activity using
10 uM 4-MUS in the presence of 10 uMm B
estrone 3-O-sulfamate to inhibit endoge-
nous steroid sulfatase activity. C, sulfat-
ase activity in parental OV 207 cells and 1500-)
the indicated clones was measured as in
B. No activity was detected in the absence
of added substrate or lysate (data not
shown). M, marker

1000+

OD 430 nm

500

SKOV3-Vector HSult-1C17
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onstrated diminished EGFR phosphorylation and diminished
ERK phosphorylation after HB-EGF treatment (Fig. 6A). These
results suggest that HSulf-1 can modulate signaling by
HB-EGF.

To determine whether this modulation was specific for HB-EGF,
the same cells were treated with heparin-independent EGF. As
indicated in Fig. 6B, there was no difference in either EGF-stimu-
lated EGFR phosphorylation at Tyr'%® or ERK phosphorylation in
HSulf-1-expressing clones compared with parental and vector-
transfected controls.

HSulf-1 Also Modulates FGF-2 Signaling—Previous studies
(4-6, 34-36) have shown that N-sulfation and 2-O-sulfation
are critical for the interaction between HS-GAGs and FGF-2,
whereas 6-O-sulfation is required for the interaction between
HS-GAGs and FGFR1 in the formation of the FGF-2-HS-
GAG-FGFR1 ternary complex. Conversely, it has been reported
that cells containing GAG chains with reduced sulfation lose
their proliferative response to FGF-2 (34, 35, 37). These obser-
vations, coupled with the demonstration of elevated FGF-2 and
FGFR1 in ovarian cancer cells (38, 39), prompted us to examine
the effect of HSulf-1 on FGF signaling.

As a read out for FGF signaling, we again measured mito-
gen-activated protein kinase pathway activation. Formation of
the FGF-2-HS-GAG-FGFR1 ternary complex induces receptor
dimerization, activation of the FGFR1 tyrosine kinase (36, 40),
receptor autophosphorylation, and binding of the adaptor SNT/
FRS, which then activates intracellular signaling pathways,
including the ERK pathway (41).

When serum-starved vector-transfected cells were treated
with FGF-2, sustained phosphorylation of ERK1 and ERK2
lasting >60 min in parental (not shown) and vector-transfected
cells (Fig. 7A) was observed. In contrast, HSulf-1-expressing
clones demonstrated lower basal levels of ERK phosphorylation
and only transient elevation after FGF-2 treatment (Fig. 7A).
Collectively, these results suggest that HSulf-1 not only down-
regulates the basal activation of ERK pathway activation, but
also inhibits a sustained activation of this pathway that may be
required for cell survival and proliferation.

Several controls pointed to sulfation of HSPGs as a critical
factor in this HB-GF signaling modulation. First, replacement
of FGF-2 with heparinated FGF (heparin-stabilized FGF) ab-
rogated the ability of HSulf-1 to modulate FGF-initiated sig-
naling (Fig. 7B). In addition, transient transfection of SKOV3
cells with the sulfatase domain N-Sulf also dampened FGF

Clone 8
Clone 9
water
=
’ OSE 54
Parental
Vector

2000

1000

OD 430 nm

HSulf-1Ci 8 oV 207 Vector HSulf1Ci1 4
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signaling, whereas mutation of two conserved cysteines at the
active site of this domain abrogated the modulation (Fig. 7C).
Collectively, the results in Figs. 6 and 7 demonstrate the ability
of HSulf-1 to modulate signaling by two different HB-GFs and

A Vector HSulf-1
skl())a) Cell Medium Cell Medium
o «—HSulf-1
00—
B HSulf-1 GFP Vector GFP

C HSulf1 GFP

FiG. 4. HSulf-1 is a cell surface-associated polypeptide. A, 48 h
after transient transfection with cDNA encoding an HSulf-1/GFP fusion
protein, whole cell lysates and 50-fold concentrated conditioned me-
dium were subjected to immunoblotting with anti-GFP antibodies. An
intense band was detected at 135 kDa, the predicted size of the fusion
protein, in the cell extracts but not the conditioned medium. B, confocal
images of SKOV3 cells obtained 24 h after transient transfection of
¢DNA encoding an HSulf-1/GFP fusion protein (left panel) or GFP alone
(right panel). C, co-localization of HSulf-1 and EGFR. SKOV3 cells
transiently transfected with FLAG-tagged HSulf-1 were fixed and
stained with rabbit anti-EGFR and TRITC-conjugated anti-rabbit IgG
as well as FITC-conjugated anti-FLAG antibody. The arrow points to
the co-localization of HSulf-1 and EGFR to the cell membrane in the
merged panel.

Parental
A
Anti-HSPG
10E4-mAb
Fic. 5. HSulf-1 expression is associ-
ated with decreased sulfation of cell
surface HS-GAGs. A, SKOV3 parental
cells and the indicated stable, cloned  Anti-stub
transfectants were fixed and stained for  3G10 Antibody

sulfated HS-GAG using antibody 10E4,

which recognizes native heparan sulfate

with sulfated glucosamine residues (A4) or

antibody 3G10, which recognizes deglyco-

sylated HS-GAG (B). C, OV202 cells, B
which express endogenous HSulf-1 (Fig.

2A), were transiently transfected with

¢DNA encoding full-length HSulf-1 in the

antisense orientation (HSulf-1 AS) or

empty vector and stained with antibody c
10E4.

Anti-HSPG
10E4-mAb
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the dependence of this modulation on an intact sulfatase
domain.

HSulf-1 Modulates Proliferation and Apoptosis—Previous
studies have demonstrated that stimulation of the Mek/ERK
pathway leads to enhanced proliferation and inhibition of apo-
ptosis (reviewed in Refs. 21 and 22). Based on the ability of
HSulf-1 to modulate signaling through this pathway, we pre-
dicted that HSulf-1 re-expression in HSulf-1-deficient cells
would lead to inhibition of proliferation and enhancement
of apoptosis.

To test the first of these predictions, parental or HSulf-1-
transfected clones were plated at 100,000 cells/dish and
counted at various times. As predicted HSulf-1-expressing
clones proliferated more slowly than parental or empty vector-
transfected clones (Fig. 84).

To examine the effects of HSulf-1 re-expression on apoptosis,
stable transfectants were treated for 24 h with 5 um cisplatin,
an agent that is widely used to treat ovarian cancer (42), or
diluent. Cells were then stained with DAPI under conditions
where this agent preferentially enters apoptotic cells and ex-
amined for apoptotic morphological changes (nuclear fragmen-
tation) by fluorescence microscopy (schematic, Fig. 8B). Results
of this analysis indicated that cisplatin induced little apoptosis
in parental or vector-transfected cells under these conditions.
In contrast, cisplatin induced apoptosis in 25-40% of HSulf-1-
transfected cells (Fig. 8B). HSulf-1 re-expression likewise sen-
sitized OV207 clones to cisplatin (Fig. 8C). To rule out the
possibility that these results were unique to cisplatin, the same
cell lines were treated for 5 h with 1 uM staurosporine, a broad
spectrum kinase inhibitor (43) that is widely used as a proto-
typic pro-apoptotic stimulus because it induces apoptosis in a
wide variety of cells (44), or with UCN-01, a staurosporine
analog currently in phase I clinical trials (45). Once again,
HSulf-1-transfected clones were sensitized to the induction of
apoptosis (Fig. 8D). Similar results were observed in the OV207
clones and in a second set of independently derived HSulf-1-
expressing SKOV3 clones (data not shown). Further experi-
ments revealed the typical biochemical hallmarks of apoptosis,
including cytochrome ¢ release from mitochondria and DNA

HSulf-1
Clone 9

HSulf-1
Clone 7

HSuif-1

Vector Clone 8

OV 202 Parental
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HSulf-1 HSulf1
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Fic. 6. HSulf-1 modulates HB-EGF
signaling but not EGF signaling. A,

effect of HB-EGF on EGFR phosphoryla-
tion and downstream signaling. After the
indicated cell lines were cultured in se-
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rum-free medium for 12 h, 100 ng/m] HB-

EGF was added for 15 and 60 min. Whole
cell lysates were subjected to SDS-PAGE,
transferred to nitrocellulose, and sequen-
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tially probed with antisera that recognize
phospho-Tyr'°®.EGFR, total EGFR, phos-

phorylated ERK1/2, or total ERK1/2. B, ef-
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fect of EGF on EGFR phosphorylation and
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Fic. 7. HSulf-1 modulates FGF-2
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rinated FGF-2. The indicated cells were
cultured in serum-free medium for 8 h
B
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Heparinated Vector Clone 7 Clone 8 nated FGF-2 for 15 or 60 min. FGF-2 in-
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ERK1/2 in parental and vector-transfected
cells but not HSulf-1 expressing clones. In
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tained signaling in all four cell lines. C, an
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fragmentation, when HSulf-1-transfected clones were drug-
treated (data not shown). Two aspects of these results deserve
particular emphasis. First, HSulf-1 by itself did not induce
apoptosis but instead modulated the sensitivity of cells to other
stimuli (Fig. 8, B-D). Second, higher expression of HSulf-1
correlated with somewhat higher induction of apoptosis
(Fig. 8, B-D).

To confirm that this modulation of apoptosis reflected the
sulfatase activity of HSulf-1, SKOV3 cells were transiently
transfected with two truncation constructs and an active site
mutant. Transfection with the C-terminal half of HSulf-1 (C-
Sulf) had little effect on the ability of staurosporine and
UNC-01 to induce apoptosis (Fig. 8E). In contrast, an N-termi-

fected with cDNA encoding the N terminal
domain of HSulf-1 (Fig. 1C), the C terminal
domain, or an N terminal domain contain-
ing cysteine-alanine mutations of two con-
served cysteines in the sulfatase domain
(Mut-N-Sulf). After 12 h in serum-free me-
dium, cells were incubated for 15 min with
10 ng/ml FGF-2. Phosphorylation of
ERK1/2 was decreased in cells transfected
with the N-Sulf construct but not the mu-
tant construct.

nal fragment containing the entire sulfatase domain (N-Sulf)
enhanced the ability of staurosporine to induce apoptosis. Im-
portantly, site-directed mutagenesis of the putative catalytic
cysteines Cys®” and Cys®® in N-Sulf (Mut-N-Sulf) abolished the
ability of HSulf-1 to modulate ‘apoptosis (Fig. 8E), providing
evidence that sulfatase activity is required for this modulation.

DISCUSSION

In the present experiments, we have examined the activity,
localization, and function of HSulf-1, a recently cloned member
of the HSPG sulfatase family. Earlier studies by Dhoot et al. (7)
demonstrated that QSulf-1, the avian homolog of this enzyme,
is a cell surface protein that modulates signaling by the HB-GF
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Fic. 8. HSulf-1 modulates proliferation and apoptosis. A, effect of HSulf-1 expression on proliferation. The indicated cell lines were plated
at 100,000 cells/dish in triplicate and examined daily after trypan blue staining to determine the number of viable cells/plate. B, effect of HSulf-1
expression on induction of apoptosis by cisplatin (CDDP) in SKOV3 clones. The indicated SKOV3 lines were treated with 5 um cisplatin for 24 h
and then stained with DAPI. Representative micrographs are shown in the schematic. Bars indicate the percentage of total cells that exhibit
nuclear condensation and fragmentation typical of apoptosis. C, effect of HSulf-1 expression on cisplatin-induced apoptosis in OV207 clones. The
indicated clones were treated for 24 h with 10 uM cisplatin before apoptosis was assessed by DAPI staining. D, effect of HSulf-1 expression on
induction of apoptosis by staurosporine and UCN-01. The indicated SKOV3 lines were treated for 5 h with 1 uM staurosporine or UCN-01 prior
to DAPI staining and analysis as depicted in B. E, requirement for an active sulfatase domain to modulate apoptosis. 24 h after transient
transfection of empty vector or cDNA encoding N-Sulf, C-Sulf, and mutated (C87A,C88A) N-Sulf, cells were treated with 1 uM staurosporine or

UCN-01 for 5 h before staining with DAPI and analysis as depicted in B.

Wnt during quail muscle cell differentiation. Our studies ex-
tend this work by showing that HSulf-1 is a cell surface
polypeptide that diminishes HSPG sulfation, inhibits signaling
by heparin-dependent growth factors, diminishes proliferation,
and facilitates apoptosis in response to exogenous stimuli. Fur-
ther experiments have shown that HSulf-1 expression is dimin-
ished in a variety of cancer cell lines and in clinical cancer
specimens. These observations provide new insight into the
potential importance of HSPG sulfation and its regulation.

While these studies were in progress, Morimoto-Tomita et al.
(8) reported cloning of the HSulf-1 ¢cDNA and gene. Our anal-
ysis has extended this previous report by demonstrating the
presence of two previously unrecognized upstream exons (Ta-
ble III), both of which appear to be included in transcripts from
a variety of human cell lines and cells.

Further studies by Morimoto-Tomita et al. (8) indicated that
HSulf-1 exhibits sulfatase activity with a preference for gluco-

samine 6-sulfate substrates. Interestingly, transfection of Myc-
tagged HSulf-1 into Chinese hamster ovary cells resulted in
secretion of the protein into the culture medium rather than
retention in or on the cells (8). In our experiments, HSulf-1
fused to GFP or tagged with the FLAG epitope was transfected
into ovarian cancer cell lines that express undetectable
amounts of endogenous HSulf-1 message. These experiments
not only confirmed the induction of sulfatase activity (Fig. 3)
but demonstrated desulfation of cell surface HSPGs upon
HSulf-1 re-expression (Fig. 5). As was the case with QSulf-1(7),
however, our localization studies suggested that a substantial
fraction of HSulf-1 remains associated with the cell surface. In
particular, HSulf-1/EGFP was detected by immunoblotting in
whole cell lysates but not 50-fold concentrated conditioned
medium (Fig. 4). Moreover, both HSulf-1/EGFP and FLAG-
tabbed HSulf-1 were localized to the cell surface by confocal
microscopy (Fig. 4). Why these results differ from those of
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TaBLE IIT
Genomic structure of HSulf-1
Exon Amino acids Size Intron size
1 5-UTR 314 22,939
1A 5'-UTR 284 2917
2 5'-UTR 165 5994
3 5'-UTR 95 61,570
4 5'-UTR 73 304
5 5'-UTR, 1-57 232 11,821
6 58-137 240 10,147
7 138-188 152 2463
8 189-257 170 11,461
9 258-295 151 900
10 296-354 176 1362
11 355-397 129 277
12 398-416 57 1146
13 417-459 130 16,102
14 460-531 217 2690
15 532-617 256 3012
16 618-649 97 465
17 650-681 95 304
18 682-703 66 1267
19 704-761 176 8822
20 762-809 143 90
21 810-850 124 1949
22 851-862 34 17,656
23 863-893 3'-UTR 2408

Morimoto-Tomita et al. (8) is at present unclear but might
reflect the transfection of different cell lines or the use of
different epitope tags.

Previous SSH analysis of two early and late stage tumors
subtracted against normal ovarian epithelial brushings identi-
fied HSulf-1 as an mRNA that was diminished in several ovar-
ian cancers compared with the cell of origin of these neoplasms
(9). We have extended these studies by showing that HSulf-1
mRNA is markedly diminished or absent from 5 of 7 ovarian
cancer cell lines and 23 of 30 epithelial ovarian cancers (Fig. 2).
Further analysis has demonstrated that the HSulf-1 locus is
subject to allelic loss in 50—-60% of ovarian cancers (Fig. 2D). As
indicated in Table II, the lack of detectable HSulf-1 expression
was particularly common in clear cell ovarian cancers. This
variant accounts for ~10% of all epithelial ovarian cancers, but
these tumors have a worse prognosis and are resistant to
platinum-based chemotherapy (26, 46, 47). Interestingly,
HSulf-1 expression was undetectable in the clear cell cancers
even though all four of the tumors analyzed were early stage
tumors. Equally important, analysis of a series of cancer cell
lines demonstrated that HSulf-1 down-regulation is common in
hepatocellular, renal, pancreatic, and breast carcinomas (Fig.
2E). This early and apparent widespread occurrence of HSulf-1
down-regulation raises the possibility that HSulf-1 down-reg-
ulation might be important in the carcinogenic process.

In order to examine the functional consequences of HSulf-1
down-regulation, we re-expressed HSulf-1 in two ovarian can-
cer cell lines lacking detectable message. Studies of Dhoot et al.
(7) previously implicated QSulf-1 in the regulation of Wnt
signaling and alluded to the possibility that QSulf-1 might also
potentially regulate FGF signaling, which is controlled by 6-O-
sulfation of N-acetylglucosamine in HSPGs (4). Based on the
similarity of HSulf-1 to QSulf-1, we hypothesized that HSulf-1
down-regulation might modulate HB-GF signaling. Consistent
with this possibility, we observed altered signaling by HB-EGF
in cells after HSulf-1 re-expression (Fig. 6). In particular, we
observed diminished HB-EGF-induced phosphorylation of at
least two important sites on the EGFR, Tyr!%, a binding site
for Grb2 (82), and Tyr®®?, a binding site for phospholipase C-y
(33). In previous studies (48), the interaction of HB-EGF with
cell surface HSPGs was indirectly demonstrated by showing
that sodium chlorate, which inhibits HS-GAG sulfation, and
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heparinase abrogate HB-EGF signaling. A subsequent report
(49) indicated that *?°I-HB-EGF binding is diminished in Chi-
nese hamster ovary cells deficient in HSPG. The present stud-
ies extend these earlier results by demonstrating that HSulf-1
re-expression, which diminishes cell surface HS-GAG sulfation
(Fig. 5), interferes with HB-EGF signaling through the EGFR
(Fig. 6). Consistent with these results, we observed diminished
HB-EGF-induced activation of the ERK pathway (Fig. 6A).
Importantly, these results were not seen with EGF (Fig. 6B),
which lacks an HSPG binding domain and is thought to signal
independent of the HS-GAGs.

The effect of HSulf-1 re-expression was not limited to HB-
EGF. A variety of previous studies has demonstrated that
FGF-2 binds to its receptor and to HSPGs, which act as co-
receptors and promote formation of a ternary complex that is
essential for cell proliferation and angiogenesis (50, 51). As
indicated in the Introduction, previous reports have also dem-
onstrated that sulfation of specific sites on the HS-GAGs is
critical for this interaction. This interaction of FGF-2 with
FGFR and HS-GAGs leads to receptor dimerization, activation,
and autophosphorylation followed by activation of downstream
signaling pathways, including the mitogen-activated protein
kinase pathway (4, 37). Our experiments demonstrated that
HSulf-1 also modulated FGF-2 signaling. In particular, FGF-2
induced sustained ERK phosphorylation in cells lacking detect-
able HSulf-1 expression but only transient ERK phosphoryla-
tion at 15 min in the HSulf-1 transfected clones (Fig. 7A). These
observations are consistent with a recent report that chlorate
treatment, which inhibits GAG sulfation, results in cells that
exhibit a transient early (15 min) phosphorylation of ERK in
response to FGF-2 but no sustained ERK phosphorylation (37).
Once again the modulation of signaling by HSulf-1 was not
observed when cells were treated with heparinated FGF-2 (Fig.
7B), which would be expected to signal independent of HS-
GAGs. In summary, our results indicate that HSulf-1 transfec-
tion abrogates the sustained activation of ERK1 and ERK2
required for cell survival and proliferation.

Because sustained ERK phosphorylation has been impli-
cated in proliferation (52) as well as resistance to apoptosis (22,
53, 54), we next examined the effect of HSulf-1 re-expression on
these processes. Results of this analysis demonstrated that
HSulf-1 re-expression diminished proliferation of SKOV3 and
0OV207 clones (Fig. 84 and data not shown). Moreover, HSulf-1
re-expression enhanced the sensitivity of these cells to a num-
ber of pro-apoptotic stimuli, including cisplatin, which is widely
used to treat ovarian cancer (55), and staurosporine, a broadly
active kinase inhibitor that is widely employed as a stimulus of
the mitochondrial apoptotic pathway (44, 56). These results are
consistent with previous studies (57, 58) demonstrating ERK
phosphorylation and ability of the Mek1/2 inhibitor PD98059 to
modulate cisplatin sensitivity in ovarian cancer cells. Further
analysis demonstrated that an N-terminal fragment contain-
ing an intact sulfatase domiain is responsible for this HSulf-1-
induced modulation of -apoptosis (Fig. 8E). Because HSulf-1
modulates sensitivity of cells to induction of apoptosis by cis-
platin, which is considered the single most active agent cur-
rently available for the treatment of ovarian cancer, future
studies to evaluate the relationship between HSulf-1 expres-
sion and clinical response in ovarian cancer appear to be
warranted.

Although there is ample evidence that differences in the
sulfation state of HS-GAGs introduced by altering sulfotrans-
ferase activity can modulate growth factor signaling in vitro
(85, 59—62), there is little precedent for the idea that variations
in sulfatase activity can alter survival signaling in human
cancer. The functional results described above suggest that



Loss of HSulf-1 in Cancer 23117

HSulf-1 is a cell surface enzyme that desulfates critical sul-
fated moieties in HS-GAG, thereby inhibiting the action of
heparin-dependent growth factors at their receptors and dimin-
ishing their ability to activate the ERK pathway. Because
expression of HSulf-1 is undetectable or markedly attenuated
in >75% of ovarian cancers relative to normal ovarian surface
epithelium, these observations appear to outline a novel mech-
anism by which proliferative and anti-apoptotic signaling by
heparin-dependent growth factors can be augmented during
the process of carcinogenesis.
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A candidate tumor suppressor HtrA1 is downregulated in ovarian cancer
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We report here that HtrAl, a candidate tumor suppressor,
is downregulated in ovarian cancer. Expression of HtrA1
is downregulated in five of seven ovarian cancer cell lines.
In total, 59% of primary ovarian tumors have either a
complete absence or markedly reduced levels of HtrAl
expression compared to the brushings of ovarian surface
epithelium. Primary ovarian tumors show high frequencies
of loss of an allele at microsatellite markers near htrAl
locus on 10q26. Downregulation of HtrA1l in SKOV3 by
antisense transfection promotes anchorage-independent
growth, while exogenous expression of HtrAl in OV202
induces cell death. HitrAl-induced cell death is not
inhibited by the broad caspase inhibitor, zVAD(O-
Me)fmk, but instead reflects serine protease activity
associated with HtrAl. These observations raise the
possibility of HtrAl as a candidate tumor suppressor

involved in promoting serine-protease-mediated cell death :

and that downregulation of HtrA1l in ovarian cancer may
contribute to malignant phenotype. o

Oncogene (2003) 0, 000-000. doi:10.1038/sj.onc.1207271

Keywords: serine protease; HtrA; ovarian cancer; down-
regulation; loss of heterozygosity

Introduction

Ovarian cancer is one of the leading causes of
gynecological-related deaths among women in the US.
Of the 27000 women diagnosed each year with this
disorder, over half die of their disease (Greenlee et al.,
2000). These statistics highlight the need for improved
understanding of the pathogenesis of this neoplasm.
Like cancers of other tissues, ovarian cancer is
considered’ to result from an accumulation of a series
of genetic alterations. Alterations in tumor-suppressor
genes such as p53 (Kohler et al., 1993), pRB (Li et al.,
1991), and NOEY2 (Yu et al., 1999), and oncogenes
such as K-ras (Enomoto et al., 1991), c-myc (Katsaros
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et al., 1995), and HER-2/neu (Ross et al., 1999) have
been shown to play an important role in ovarian
carcinogenesis (Orsulic et al,, 2002). To search for
additional alterations that might play a role in the
biology of ovarian cancer, we recently generated
suppression subtraction hybridization (SSH) cDNA
libraries between normal' ovarian epithelium and pri-
mary tumors. One of the differentially expressed genes
identified from this screen (Shridhar ez al., 2002) was
htrAl, a human homologue of bacterial htrA/DegP gene
product. -

HtrAl belongs to the HtrA family of serine proteases
that is well conserved from bacteria to humans. The
bacterial HtrA gene product is one of the most well-
characterized proteins of the HtrA family and its
presence is necessary for bacterial thermotolerance
(Clausen et al., 2002). It has recently been shown that

“bacterial HtrA has dual roles, acting as a chaperone at

normal temperature and as an active protease at high
temperature (Spiess et al., 1999; Krojer et al., 2002).

Human HtrAl was originally isolated from fibro-
blasts as a transformation-sensitive protein due to its
downregulation by SV40 (Zumbrunn and Trueb, 1996).
It contains an N-terminal insulin-like growth factor
binding protein (IGFBP) domain, a Kazal-type trypsin
inhibitor motif, and C-terminal trypsin-like protease
and PDZ domains (Hu et al., 1998). It is downregulated
in malignant melanoma, and stable overexpression of
HtrAl inhibited proliferation in metastatic melanoma
cell line (Baldi ez al., 2002).

To validate and extend our previous analysis indicat-
ing that HtrAl is downregulated in all four ovarian
tumor SSH libraries (Shridhar et al., 2002), we examined
the expression of HtrAl in ovarian cancer cell lines and
primary tumors by RT-PCR, Northern blot, Western
blot, and Light-Cycler analyses. Furthermore, we
investigated the functional significance of HtrAl down-
regulation in an ovarian cancer cell line with endogen-
ous HtrAl expression, and the effect of HtrAl re-
expression in an ovarian cell line with low levels of

- HtrAl.
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Results

HitrAl is expressed in normal ovary and downregulated in
ovarian cancer

Hybridization with the full-length coding sequence of
HtrAl, tp a multiple tissue Northern blot revealed that
HtrAT is widely expressed. Particularly noteworthy in

the present context is the expression in ovary (Figure 1a).

Further analysis revealed that HtrAl is expressed in
ovarian surface epithelial (OSE) cells (Figure 1b), the
normal counterpart of ovarian cancer. Notably, com-
pared to immortalized normal OSE cells, expression of
-HtrAl is lost or markedly diminished in several ovarian
cancer cell lines when analysed by RT-PCR and
Western blot (Figurelb and lc, respectively). Northern
blot analysis of primary ovarian tumors (Figure 1d)
indicates that HtrA1 is lost or reduced in both early- and
late-stage tumors compared to normal ovarian epithelial
cell brushings. Semiquantitative RT-PCR (Figure le)
and Light-Cycler analyses (Figure 1f) confirmed the
reduced levels of HtrAl in several ovarian tumors of
different histologies.

HtrAl expression is aberrantly regulated in several types
of cancer

RT-PCR analysis of HtrA1 expression in several types
of cancer cell lines and tumors indicates that HtrAl

24
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expression is aberrantly regulated. HtrA1l expression is
downregulated in two of 13 primary brain tumors, three
(BT474, MDA-MB-#5%, and UACC893) of eight breast
cancer cell lines, two (HepG2 and Hep3B) of 10 liver
cancer cell lines, and one (C33-A) of nine cervical cancer
cell lines (Figure 2). Identities of other cell lines are listed
in the figure legend.

Loss of heterozygosity (LOH) at 10926 is associated with
HirAl downregulation

To investigate the mechanism of HtrA1 downregulation,
LOH analysis was performed to determine if htrA1 locus
was a target for deletion. Utilizing six genetic markers
around the htr41 locus, we analysed 39 ovarian tumors
and matched normal DNA for LOH. The cytogenetic
band locations, base position relative to hAtrdl locus,
and the frequency of LOH are shown in Figure 3a. Two

-of the closest markers, the GT repeat marker (32kb 5’ of

exon 1) and the CT repeat marker (102kb 3’ of exon 9),
showed 32 and 42% LOH, respectively (Figure 3b). This
is the first report of such high frequencies of LOH in this
region in ovarian cancer. Representative autoradio-
graphs indicative of LOH at each marker are shown in
Figure 3c. No homozygous deletion was detected in the
tumor samples tested. To determine if LOH corresponds
with loss or reduced levels of expression, HtrAl
expression was analysed in 19 of 39 tumors for which

Primary tumor RT-PCR
123456789 111213141516 ég'

~HirAT
«~GAPOH

HtrA1 Light-Cycler Assay

Figure 1 HitrAl expression is downregulated in ovarian cancer. (a) Northern blot analysis of HtrAl expression in normal tissues. The
highest level of HtrAl transcripts was detected in placenta followed by brain, heart, and ovary. (b) RT-PCR analysis of ovarian cancer
cell lines indicates that HirA1 is downregulated in four of seven cancer cell lines compared to short-term culture OSE50. (c) Western
blot analysis of ovarian cancer cell lines also indicates a similar pattern of downregulation of HtrA1. (d) Diminished HtrA1 expression
is observed in seven out of eight primary tumors (1-4, early stages; 5-9, late stages) by Northern blot. (e, f) Semiquantitative and
quantitative RT-PCR of primary tumors. Absence or diminished expression of the HtrAl transcript, compared to normal ovarian
epithelial cells (NOE), is detected in primary tumors by semiquantitative RT-PCR (¢) and by quantitative Light-Cycler (f). GAPDH is

used as a loading control
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Figure 2 HtrAl expression is aberrantly regulated in several types
of cancer. (a) RT-PCR analysis of HtrAl in primary brain tumors
indicates downregulation of HtrAl in two of 13 tumors. Lane 1I:
norma! whole brain. (b) HtrAl expression in downregulated in
BT474 (lane 2), MDA-MB433 (lane 4), and UACC893 (lane 9)
breast cancer cell lines. 1, human mammary epithelial cells (HMEC

control); 2, BT474;B; f MDA-MB-157; / MDA-MB-361;
§. MDA-MB-435; 7, MDA-MB-468; ﬂ, T47D; §, UACCS812; and
18, UACCB893. (c) HtrAl expression is reduced in HepG2 (lane 2)
and Hep3B (lane 3) liver cancer cell lines and C-33A (lane 14)
cervical cancer cell line. 1, normal liver; 2, HepG2; 3, Hep3B; 4,
Huh7; 5, PLCS; 6, SKHepl; 7, SNU182; 8, SNU387; 9, SNU475;
10, SNU423; 11, SNU449; 12, human keratinocyte; 13, C4a; 14,C-
33A; 15, Caski; 16, HeLa; 17, HT3; 18, ME180; 19, Ms751; 20,
SiHa; and 21, SW756 E

RNA was available. Of nine tumor samples that
displayed LOH at CT repeat marker, seven tumors
showed loss or reduced HtrAl expression (Figure 3d).
Tumors used in LOH analysis and the LOH score are

listed in Table 1. To determine if additional mechanism, -

such as epigenetic silencing, could also be responsible
for loss of HtrAl expression, the ovarian cancer cell line
OV207 was treated with the methyltransferase inhibitor
5-aza-2' deoxycytidine. This treatment led to a dose-
dependent increase in transcription of HtrA1 (Figure 3e),

implicating methylation as another mechanism by which-

HtrAl could be downregulated. However, additional
experiments are needed to characterize specific sites of
methylation regulating HtrAl expression in ovarian
cancer.

Mutational analysis by denaturing high-performance
liquid chromatography (DHPCL)

“To determine if mutations might also contribute to
- HtrA1 downregulation, a total of 96 tumor DNAs were

analysed for mutations by the DHPLC (Schwartz et al.,
1999) using intronic primers (Table 2) flanking the nine

———
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Figure 3 Mechanism of inactivation. (a) Markers used in the

LOH studies, corresponding cytogenetic band location, and base

position relative to htrAl locus. (b) The frequencies of LOH
calculated from informative samples at specific markers. (c¢) The

- - representative LOH autoradiographs for each maker with LOH
. indicated by arrowheads. (d) LOH at CT repeat corresponds with

* reduced expression of HtrAl. (¢) OV207 was treated with various
concentrations of 5-aza-2' deoxycytidine for 3 days, and HtrAl
expression was analysed by RT-PCR. A dose-dependent increase
in HtrA1 expression was observed following this treatment

exons present in Atrd1. While single-nucleotide poly-
morphisms were detected in the intronic regions, no
tumor-specific mutations were detected in any of the
samples.

Downregulation of HirAl promotes anchorage-
independent growth '

A previous report indicated loss of HtrA1l expression in
invasive melanoma and a decrease in matrix invasion in
vitro following the re-expression of HtrA1 in melanoma
LM cell line (Baldi et al., 2002), suggesting that loss of
HtrAl may contribute to invasive phenotype. Since
invasive phenotype depends not only on matrix migra-
tion but also on anchorage-independent growth, the
latter was analysed in SKOV3 to determine the
functional significance of HtrAl downregulation in
ovarian cancer. Since SKOV3 expresses endogenous
HtrAl (Figure 1c), HtrAl expression was downregu-
lated by antisense transfection. Of 12 stable clones
expressing HtrAl antisense, four clones displayed
efficient downregulation of HtrAl (Figure 4a, indicated
by asterisks); thus they were used in the analysis of soft-
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Figure 4 Downregulation of HtrAl expression promotes the soft-
agar growth of SKOV3. (a) HtrAl expression is downregulated in
four of 12 stable clones (upper panel). Clones used in soft-agar
growth are indicated by asterisks. HtrAl expression in nine stable
clones transfected with vector control is shown for comparison
(lower panel). f-Actin indicates loading control. (b) Downregula-
tion of HtrAl promotes anchorage-independent growth. A
significantly higher number of colonies larger than 50 or 100 um
are observed in clones expressing antisense HtrAl. (c) A
representative photomicrograph of soft-agar growth seen in
antisense and vector-control clones

agar growth. As shown in Figure 4b and c, down-
regulation of HtrA1 resulted in a significant increase in
the number of colonies grown on soft-agar compared to
the vector-transfected controls. These results suggest
that downregulation of HtrAl may contribute to
invasive phenotype.

Overexpression of HtrAl induces cell death

Since HtrAl also shares a high degree of sequence
similarity with the proapoptotic HtrA2 (Suzuki ef al.,
2001; Hegde et al., 2002; Martins ef al., 2002; Verhagen
et al., 2002), particularly in the protease domain
essential for apoptotic activity, the proapoptotic prop-
erty of HtrAl was tested in ovarian cancer cell line
OV202. QV202 was selected in this analysis because it
expresses very low levels of HtrAl (Figure 1c). Exogen-
ous expression of HtrAl in OV202 induced cell round-
ing and death (Figure 5a, left panel) in a manner similar
to that described in HEK293 cells following the
transfection of HtrA2 (Suzuki ez al., 2001). Moreover,
the cell rounding observed with HtrAl expression in
OV202 was not prevented by 100 uM zVAD(OMe)-fmk
(fmk " N-(Na-benzyloxycarbonylvalinylalanyl) aspartic
acid (O-methyl ester) fluoromethylketone) (Figure 5b),
suggesting that this phenomenon may be caspase-
independent. In contrast, OV202 cells transfected with

Oncogene

the serine protease mutant S328A displayed a normal
phenotype (Figure 5a, right panel). A 51gn1ﬁcantly
higher percentage of cell death was observed in cells
transfected with the wild-type HtrA1l (Figure 5c and d).
This increase in cell death was not observed with the
serine protease mutant S328A (Figure 5c and d),
suggesting that higher level of cell death was the result
of the protease activity.

Discussion

In summary, this report describes the loss of HtrAl
expression in ovarian cancer and demonstrates the
effects of HtrAl downregulation and re-expression in
ovarian cancer cell lines. In particular, we present
evidence that expression of HtrAl is reduced in several
ovarian cancer cell lines and primary tumors. Moreover,
the herAl locus is subject to LOH and epigenetic
inactivation. Previous analyses of glioblastoma, prostate
cancer, malignant melanoma, and endometrial cancer
with multiple markers on 10q have indicated evidence of
two distinct loci for tumor-suppressor genes distal to
10923 (Albarosa et al., 1996). Although PTEN gene on
10g23.3 is probably the more proximal of these two loci,
the distal locus is not yet well established. DMBTI
(deleted in malignant brain tumors 1), mapping to
10q26.13, has been regarded as a potential tumor-
suppressor gene representing the distal locus due to the

_ “‘presence of intragenic homozygous deletions and rare
“- mutations (Mollenhauer et al., 1997; Mueller et al.,
2002) However, the tumor suppressive role of the gene

is still controversial. Two recent reports suggest that
DMBTI1 may not be a major target of inactivation in
malignant melanoma and glioma (Deichmann et al.,

2002; Sasaki et al., 2002). These reports underscore the
importance of 1dent1fymg another candidate tumor-
suppressor gene in this frequently deleted reglon

Human htrAl gene maps to chromosome 10g26.13 in
close proximity to DMBT1. The microsatellite markers
used in the LOH analysis are within 10925.3-10q26.2,
encompassing both htr41 and DMBTI. These markers
showed high frequency of deletion in ovarian tumors.
Consistent with the notion of HtrAl as a tumor
suppressor, downregulation of HtrAl in SKOV3 by
antisense transfection promoted anchorage-independent
growth. Additional support for HtrAl as a putative
tumor suppressor came from the study in malignant
melanoma by Baldi et al. (2002). HtrAl expression was
significantly lower in autologous lymph node metastases
(LM) compared to prlmary melanomas (Baldi et al,

2002). Stable overexpression of HtrAl in melanoma ' LM
cell lines attenuated matrix invasion (Baldi et al., 2002),
and inhibited proliferation as well as cell growth in vivo
in nu/nu mice. In addition, the fact that HtrAl was
originally identified as a SV40 transformation sensitive
marker lends further support to the potential role of
HtrAl as a tumor suppressor. These observations raised
the possibility that HtrAl could potentially represent
the long sought-after distal tumor suppressor in 10q26.
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Figure 5 Exogenous expression of HtrAl induces cell death. (a) OV202 cells were electroporated with 20 ug of plasmid encoding
serine protease mutant HtrA 1 (S328A) or wild-type HtrA1 (HtrA1-WT). After 24h, GFP-positive cells were visualized by fluorescence
microscopy. Cells transfected with HirA1 displayed round morphology, whereas cells transfected with mutant remained flattened. (b)
GFP-positive OV202 cells with round morphology were counted, and expressed as ‘the percentage of total GFP-positive cells. (©)
Comparison of % cell death (trypan blue positive) induced by S328A and wild-type HtrA1 normalized with cell death from mock
transfection. The error bars represent the standard error of means (s.e.m.) calculated from triplicate samples. Asterisks indicate a
statistically significant difference from the control as determined by one-way ANOVA (P<0.05). (d) When cell death was analysed
with Annexin V-phycoerythrin (PE), a significantly higher percentage of cell death was observed in cells transfected with wild-type

HtrA1 (WT) compared to protease mutant HtrAl (S328A)

Loss of function of tumor suppressors requires

inactivation of both alleles either by homozygous
deletions, heterozygous deletions in combination with
tumor-specific mutations, and/or epigenetic inactivation
by hypermethylation. Our results indicated high fre-

quency of LOH near the gene. However, neither

homozygous deletions nor tumor-specific mutations
within the coding exons were detected. Instead, our
preliminary analysis indicated methylation as a second
hit inactivating the function of HtrAl, as evidenced by
the induction of transcription after 5-aza-2'-deoxycyti-
dine treatment in the OV207 cell line. Future studies to
delineate the ‘specific CpG sites involved in this
inactivation are ongoing.

In addition to its role in regulating cell growth, re-
expression of HtrA1 induces cell death in ovarian cancer
cells. HtrAl-induced cell death is not attenuated by the
broad-spectrum caspase inhibitor zVAD(OMe)fmk
(Garcia-Calvo et al., 1998), but instead reflects serine
protease activity. This is perhaps not unexpected given
the fact that other proteases also induce cell death

(Williams and Henkart, 1994; Suzuki et al, 2001;

Verhagen et al., 2002). In particular, the human
homologue HtrA2, which shares extensive homology
with the C-terminal protease and postsynaptic density
protein 95-Discs large-Zona occuldens 1 (PDZ) domains

of HtrAl, also induces celt death independent of caspase
activation (Suzuki et al., 2001). In addition to induction
of cell death via serine protease, HtrA2, when released
from mitochondria during initial steps of apoptosis, also
activates caspases by antagonizing inhibitors of apop-
tosis (IAPs) via its N-terminal tetrapeptide IAP-binding
motif (Suzuki ef al., 2001; Hegde et al., 2002; Martins,
2002; INEreRS—esw&=2000 Verhagen et al., 2002). In
contrast, HtrAl does not contain the N-terminal
tetrapeptide IAP-binding motif, and therefore it is not
expected to be involved in caspase activation. None-
theless, both HtrA1 and HtrA2 can induce cell death via
protease domain independent of caspases, suggesting a
potential role of these proteases in caspase-independent
cell death. Interestingly, HtrA1 was originally described
as a secreted protease, yet it is detected in whole-cell
lysates and induces cell death. Further analysis of this
apparent paradox is required.

In addition to HtrA2, the identification and cloning of
HitrA3 is recently described (Nie et al., 2003). HtrA3
shares high degree of sequence and domain homologies
with HtrAl, and therefore it may share functional
similarity with HtrA 1. Although both HtrAl and HtrA3
are highly expressed in normal ovary (Nie et al., 2003),
semiquantitative RT-PCR analysis of ovarian cancer
cell lines indicates that HtrA3 is lost in cell lines that
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express HtrAl (data not shown). The differential
expression between HtrAl and HtrA3 in ovarian cancer
cells is intriguing, and necessitates further studies.

The N-terminus of HtrAl also shares domain
homology with the candidate tumor-suppressor
Mac25::Mac25 (IGFBP-rP1) is differentially expressed
in meningioma, prostate, and mammary cancers and is
thought to regulate cell growth by affecting cell-cycle
mechanisms (Swisshelm et al., 1995; Baldi et al., 2002).
Addition of recombinant Mac25 to the culture medium
suppressed the growth of cell lines of diverse origins
including cervical and osteosarcomas (Kato, 2000).

" These data suggest the possibility that the N-terminal

domain of HtrAl may also regulate cell growth in
similar fashion. It should be noted that the growth
suppression by Mac25 domain might be affecting cell
proliferation rather than cell death, since proteolytically
inactive S328A mutant containing functional Mac25
domain has no effect in inducing cell death.

Here, we have shown that HtrAl is consistently
downregulated in ovarian cancer. Loss or lower levels of
expression in ovarian cancer is due to deletion of an
allele due to LOH, thus identifying a new region of
deletion for ovarian cancer. Our further studies indicate
that HtrAl may modulate cell death and anchorage-
independent growth of ovarian cancer cells. Collectively
these results highlight the potential role of HtrAl as a
tumor suppressor. Further studies that identify mole-
cular targets that interact with HtrA1 will enhance our
understanding the role of HtrAl in normal and
malignant cells.

Materials and methods

Cell culture

0OV167, OV177, OV202, OV207, and OV266 were low-passage
ovarian cancer cell lines established at the Mayo Clinic
(Conover et al., 1998), while OVCAR-3, OVCAR-5, and
SKOV-3 were purchased from American Type Culture
Collection (Manassas, VA, USA). All other cells were grown
according to the manufacturer’s recommendations.

Tissue processing and tumors

All the tumors were snap-frozen tissues. Tumor contents of the
tissues were assessed by hematoxylin and eosin (H&E)-stained
sections and verified by a pathologist (Dr Gary Keeney) at the
Mayo Clinic. Only tumors with 75-90% tumor content were

used for RT-PCR analysis. For control, 20-30 normal ovarian -

epithelial cell ‘brushings were pooled from patients without
cancer and the epithelial nature of these brushings were
verified by H&E staining.

Plasmids and antibodies

The plasmids encoding wild-type or mutant S328A HtrAl
were generated by PCR cloning into pcDNA3.1. vector as
described previously (Hu et al., 1998). To generate carboxyl
terminus GFP fusion construct of HtrAl, PCR products
flanking the entire ORF or C-terminal domain corresponding
to codons 153-480 of HtrA1 were cloned into pcDNA3.1/CT-
GFP TOPO vector. Proper construction of all the plasmids
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was confirmed by DNA sequencing. Antiserum specific for
HtrA1 was raised as described previously (Hu ef al., 1998).

Northern blot analysis

In total, 15ug of total RNA was resolved on 1.2%.
formaldehyde agarose gels and blotted in 1x SPC buffer
onto Hybond N membranes (Amersham, Piscataway, NJ,
USA). The probes were labeled using the random primer
labeling system (Invitrogen, Carlsbad, CA, USA) and purified
using spin columns (TE100) from Clontech (Palo Alto, CA,
USA). Filters were hybridized at 68°C with radioactive probes
in a microhybridization incubator (Robbins Scientific, Sunny-
vale, CA, USA) for 1-3h in Express Hybridization solution
(Clontech, Palo Alto, CA, USA) and washed according to the
manufacturer’s guidelines. The probe corresponds to the open
reading frame of HtrAl: It does not crosshybridize with HtrA2
or HtrA3. .

Immunoblotting

Cell lysates were resolved' by SDS-PAGE under reducing
conditions, followed by transfer onto 0.45 um nitrocellulose
membrane. After the transfer, immunoblotting was carried out
as previously described using affinity-purified polyclonal HtrA
antibody (Hu et al., 1998).

Semiquantitative RT-PCR

A total of 50-100 ng of reverse-transcribed cDNA was used in
a multiplex reaction with the following primers: HitrAl
forward (5-TAT CGC GGA CGT GGT GGA GAA GAT

©'CG-3") and HtrAl reverse (5-GTC CAG CTC ATG CCT

CTG CCT-3') to yield a 595 bp product and GAPDH forward

“(5'-ACC ACA GTC CAT GCC ATC AC-3') and GAPDH

reverse (5-TCC ACC ACC CTG TTG CTT GTA-3) to yield
a 450 bp product. The PCR reactions contained 50mM KCl,
10mM Tris-HC1 (pH 8.3), 1.5mM MgCl,, 400uM of each
HirAl primer and 50 uM of each GAPDH primer, and 0.5 U of
Taq polymerase (Qiagen, Valencia, CA, USA) in a 12.5ul
reaction volume. The conditions for amplification were: 94°C
for 3min, then 30 cycles of 94°C for 30s, 58°C for 30s, and
72°C for 30s in a Perkin Elmer-Cetus 9600 Gene-Amp PCR
system. The products of the reaction were resolved on a 1.6%
agarose gel. One amplicon was cut from the gel, purified with
QIAquick Gel Extraction Kit (Qiagen, Valencia, CA, USA),
and sequenced to verify the specificity of PCR reactions.

Light-cycler PCR analysis

Using HtrA1F1 (§-TCC GCA ACT CAG ACA TGG AC-3)
and HtrA1R1 (5-GGC CTC CCG AGT TTC CAT AG-3)
plus RPS9F (5-TCG CAA AAC TTA TGT GAC CC-3') and
RPS9R (5-TCC AGC ACC CCC AAT C-3) primers, duplex
PCR amplification was carried out with Light-Cycler (Roche,
Indianapolis, IN, USA) in the presence of SYBR-Green dye
according to the following conditions: 1 min at 95°C for initial
denaturation, followed by 40 cycles at 95°C (10s), 58°C (15s),
and 72°C (20s), followed by the measurement of fluorescence
at the end of each cycle. After the 40th cycle, melting curve
analyses were performed with Light-Cycler software by
denaturing the sample at 95°C, rapidly cooling down to 65°C
for 15s, and measuring the fluorescence as the sample
temperature was gradually raised to 95°C in the steps of
0.1°C/s. Each run included a negative control.
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LOH analysis of primary ovarian tumors

The markers used in this study are listed in Figure 2b, along
with their chromosomal locations. The PCR reaction mix
contained: 50ng of genomic DNA, 50mM KCI, 10mM Tris-
HCI (pH 8.3), 1.5mM MgCl,, 200 uM of each primer, 0.05 ul of
[¢-3*P]CTP (10 uCi/ul) and 0.5 U of Taq polymerase in a 10 ul
reaction volume. The conditions for amplification were: 94°C

for 2 min, then 30 cycles of 94°C for 30s, 55-58°C for 30s, and .

72°C for 30s in a Perkin Elmer-Cetus 9600 Gene-Amp PCR
system in a 96-well plate. The PCR products were denatured
and run on 6% polyacrylamide sequencing gels containing 8 M
urea. The gels were dried, autoradiographed for 16-24h and

scored for LOH. Multiple exposures were used before scoring

for LOH. Allelic imbalance indicative of LOH as scored when
there was more than 50% loss of intensity of one allele in the
tumor sample with respect to the matched allele from normal
tissue.

Induction of HitrAl expression by 5-aza-2' deoxycytidine

The ovarian cancer cell line OV207 was treated with various
concentration of 5-aza-2' deoxycytidine (Sigma, St Louis, MO,
USA) for 3 days, with addition of fresh 5-aza-2’ deoxycytidine
every day, and HtrA1 expression was analysed by RT-PCR.

Mutational analysis by DHPLC

Samples used for mutation screening and sequencing were
ampllﬁed in 20ul reaction volumes containing 50 ng of
genomic DNA, 25 pmoles each of sense and antisense primers,
dNTPs (Perkin-Eimer, Foster City, CA, USA), 0.2ml of Tag
polymerase (AmpliTag Gold, Perkin-Elmer), 1x buffer
provided by the manufacturer, and 1.5mM of MgCl,. PCR

‘amplification was for 30 cycles using the following profile: |
© for Smin. All further steps were performed at 4°C unless
-otherwise indicated. Samples were washed two times with cold

94°C for 30s, the optimized annealing temperature for 30s,
and 72°C for 30s. The enzyme was initially activated by

denaturation at 95°C for 9min, and final extension was
performed at 72°C for 10 min. The annealing temperatures for -

various primer sets were 56°C for HtrAl exons 2,4, 6,7, 8, and
9; 58°C for exon 3; 52°C for exon 5. Exon 1 was amplified
using GC melt (Clontech, Palo alto, CA, USA) following the
manufacturer’s instructions. The pnmers used for DHPLC
analysis are listed in Table 2.

Establishment of antisense HtrAl stable tran;sjéctants

Exponentially growing SKOV3 cells in 100 mm dishes were
washed with serum-free medium, and incubated with a mixture
of 5ug of plasmid, 30 ul of LipofectAmine, and 20 ul of Plus
reagent (Invitrogen, Carlsbad, CA, USA). After 3h incuba-
tion, complete medium with serum was added. Beginning 24h
after the start of transfection, G418 was added to a final
concentration of 400 ug/ml to select the transfectants. For
controls, cells were similarly transfected with empty
pcDNA3.1 4 vector and selected.

Soft-agar assay

Complete medium containing 1% low-melting point tempera-
ture agarose was poured into six-well plates (2 ml per well) and
allowed to solidify at 4°C to form a bottom layer. SKOV cells
(5000/well; vector or antisense transfected clones) were mixed
in complete medium with 0.5% agarose and seeded as a top
layer. The agarose was solidified at 4°C and then incubated at
37°C. On day 16, the colonies were stained with 1 ml of PBS
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containing 0.5mg/ml p-iodonitrotetrazolium violet, which is
converted into colored product by live cells only. Micrographs
were taken at 10 x using a Spot II-RT digital camera (Nikon,
Millburn, NJ, USA), and colonies larger than 50 and 100 um
in diameter were counted.

Electroporation

At 2 days prior to transfection, cells were incubated in
antibiotic-free culture medium. On the day of transfection, two
million cells in 0.4 ml Cytomix (van den Hoff et al., 1992) were
mixed with 20 ug DNA, and electroporated in 0.4 cm cuvettes
using BTX T820 square wave electroporator (BTX, San Diego,
CA, USA). Typical settings for electroporation were two
pulses of S5ms duration at 330V for OV202, resulting in 86%
transfection efficiency. Immed:ately after electroporation, cells
were allowed to recover for 10 min at room temperature before
plating in antibiotic-free culture medium.

Assessment of cell death

At 24h after the electroporation, free-floating cells in the
medium were collected, stained with trypan blue, and counted
in a hemacytometer. Approximately 20% of cells died from
electroporation. The amount of cell death in mock electro-
poration served as-a baseline for determining % cell death in
S328A- or HtrAl-t'r'arisfected groups.

Annexin V labeImg and flow cytometry

Annexin V-PE (PharMingen, San Diego, CA, USA) labeling
was performed according to the supplier’s instruction. Briefly,
cells transfected overnight with wild-type or protease mutant
HtrA1 were released by trypsinization and sedimented at 200 g

PBS and resuspended in 1 x binding buffer at a concentration
of 1 x 10° cells/ml. Then, 100 ul of solution was transferred to a
new 5ml culture tube, and 5 ul of Annexin V-PE and 7-AAD
were added. Cells were incubated for 15min at 25°C in the
dark. In all, 400 ul of 1 x binding buffer was added into each
tube before flow microfluorimetry on a Becton-Dickinson
FACScan (San Jose, CA, USA). Annexin V-stained cells were
analysed by FlowJo software (Ashland, OR, USA).

Abbreviations

DHPLC, denaturing high-performance liquid chromatogra-
phy; IGFBP, insulin-like growth factor binding protein; PDZ,
postsynaptic density protein 95-Discs large-Zona occuldens 1;
LOH, loss of heterozygosity; OSE, ovarian surface epithelium;
XIAP, X-linked inhibitor of apoptosis protein; H&E, hema-
toxylin and eosin; zZVAD(OMe)-fmk, N-(Na-benzyloxycarbo-
nylvalinylalanyl)  aspartic  acid  (O-methyl  ester)
fluoromethylketone; PE, phycoerythrin; 7-AAD, 7-amino-
actinomycin.

Acknowledgements

We thank Kim R Kalli for providing us with short-term
culture of ovarian surface epithelial cells. This work is
supported in part by DOD Grnt DAMDI17-99-1-9504 to VS,
DIS, and SHK and a John W Anderson Foundation grantko
VS and the Mayo Foundation.

7

and Minnegd

Ovaria, Cana,

Nlimu_

A

Oncogene

grond




NPGONC 6856

HtrA1 downregulation in ovarian cancer
J Chien et al

[ ]

5" ()i

References

Albarosa R, Colombo BM, Roz L, Magnani I, Pollo B,
Cirenei N, Giani C, Conti AM, DiDonato S and Finoc-
chiaro G. (1996). Am J. Hum. Genet., 58, 1260-1267.

h

G . . (*‘“9‘ 99 ’. 6’!6096’*“1&338”, 8 4
Clausen T, Southan C and Ehrmann M. (2002). Mol. Cell, 10,_

443-455.

Conover CA, Hartmann LC, Bradley S, Stalboerger P, Klee
GG, Kalli KR and Jenkins RB. (1998). Exp. Cell Res., 238,
439-449.

Deichmann M, Mollenhauer J, Helmke B, Thome M, -
" Hartschuh W, Poustka A and Naher H. (2002). Oncology,

63, 166-172.

Enomoto T, Weghorst CM, Inoue M, Tanizawa O and Rice
IM. (1991). Am. J. Pathol., 139, 777-785.

Garcia-Calvo M, Peterson EP, Leiting B, Ruel R, Nicholson
DW and Thornberry NA. (1998). J. Biol. Chem., 273, 32608-
32613.

Greenlee RT, Murray T, Bolden S and Wingo PA. (2000). C4
Cancer J. Clin., 50, 7-33.

Hegde R, Srinivasula SM, Zhang Z, Wassell R, Mukattash R,
‘Cilenti L, DuBois G, Lazebnik Y, Zervos AS, Fernandes-
Alnemri T and Alnemri ES. (2002). J. Biol. Chem, 277, 432—
438.

Hu SI, Carozza M, Klein M, Nantermet P, Luk D and Crowl
RM. (1998). J. Biol. Chem., 273, 34406-34412.

Kato MV. (2000). Mol. Med, 6, 126-135.

Katsaros D, Theillet C, Zola P, Louason G, Sanfilippo B, Isaia
E, Arisio R, Giardina G and Slsmondl P. (1995). Anticancer
Res., 15, 1501-1510.

Kohler MF, Marks JR, Wiseman RW, Jacobs 1J, Davidoff. -

AM, Clarke-Pearson DL, Soper JT, Bast Jr RC and
Berchuck A. (1993). J. Natl. Cancer Inst., 85, 1513-1519.

Krojer T, Garrido-Franco M, Huber R, Ehrmann M and

Clausen T. (2002). Nature, 416, 455-459.

Li SB, Schwartz PE, Lee WH and Yang-Feng TL. (1991) J.
Natl. Cancer Inst., 83, 637-640.

Martins LM, Iaccarmo I, Tenev T, Gschmelssner S, Totty NF,

Lemoine NR, Savopoulos J, Gray CW, Creasy CL, Ding-

—

Baldi A, De Luca A, Morini M, Battista T, Felsani A, Baldi F, Catricala C, Amantea A, Noonan DM, Albini A, Natali PG, Lombardi D, Paggt MG. (2002). Oncogene, 21, 6684-8.

A

Oncogene

wall C and Downward J. (2002). J. Biol. Chem., 277, 439-
444,

Mollenhauer J, Wiemann S, Scheurlen W, Korn B, Hayashi Y,
Wilgenbus KK, von Deimling A and Poustka A. (1997).
Nat. Genet., 17, 32-39.

Mueller W, Mollenhauer J, Stockhammer F, Poustka A and
von Deimling A. (2002). Oncogene, 21, 5956-5959.

Nie GY, Hampton A, Li Y, Findlay JK and Salamonsen LA.
(2003). Biochem. J., 371 (Part 1), 39-48.

Orsulic S, Li Y, Soslow RA, Vitale-Cross LA, Gutkind JS and
Varinus HE. (2002). Cancer Cell, 1, 53-62.

101, »

R:Z:IJS, Yang F, Kallakury BV, Sheehan CE, Ambros RA
and Muraca PJ. (1999). Am. J. Clin. Pathol., 111, 311-316.

Sasaki H, Betensky RA, Cairncross JG and Louis DN. (2002).
Cancer Res., 62, 1790-1796.

Schwartz DI, Lindor NM, Walsh-Vockley C, Roche PC, Mai
M, Smith DI, Liu W and Couch FJ. (1999). Breast Cancer
Res. Treat., 58, 25-29.

Shridhar V, Sen A, Chien J, Staub J, Avula R, Kovats S, Lee J,
Lillie ¥ and Smith DI. (2002). Cancer Res., 62, 262-270.

Spiess C, Beil A and Ehrmann M. (1999). Cell 97, 339-347.

Suzuki Y, Imai Y, Nakayama H, Takahashi K, Takio K and
Takahashi R. (2001) Mol. CeII 8, 613-621.

Swisshelm K, Ryan K, Tsuchiya K and Sager R. (1995). Proc.
Natl,Acad. Sci. USA, 92, 4472-4476.

van den Hoff MJ, Moorman AF and Lamers WH. (1992).
Nucleic Acids Res., 20, 2902.

Verhagen AM, Sllke J, Ekert PG, Pakusch M, Kaufmann H,

Connolly LM, Day CL, Tikoo A, Burke R, Wrobel C,
Moritz RL, Simpson RJ and Vaux DL. (2002). J. Biol.
Chem., 277, 445-454.

Williams MS and Henkart PA. (1994). J. Immunol., 153, 4247-
4255.

Yu Y, Xu F, Peng H, Fang X, Zhao S, Li Y, Cuevas B, Kuo
WL, Gray JW, Siciliano M, Mills GB and Bast Jr RC.
(1999). Proc. Natl. Acad. Sci. USA, 96, 214-219.

Zumbrunn J and Trueb B. (1996). FEBS Lett., 398, 187-192.

BE 3




Oncogene (2001) 20, 980-988
© 2001 Nature Publishing Group All rights reserved 0950-9232/01 $15.00

www.nature.com/onc

MS*

Cloning and characterization of a senescence inducing and class II tumor
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Cytogenetic, molecular and functional analysis has
shown that chromosome region 6q27 harbors a senes-
cence inducing gene and a tumor suppressor gene
involved in several solid and hematologic malignancies.
We have cloned at 6q27 and characterized the
RNASEGPL gene which belongs to a family of
cytoplasmic RNases highly conserved from plants, to
man. Analysis of 55 primary ovarian tumors and several
ovarian tumor cell lines indicated that the RNASE6PL
gene is not mutated in tumor tissues, but its expression is
significantly reduced in 30% of primary ovarian tumors
and in 75% of ovarian tumor cell lines. The promoter
region of the gene was unaffected in tumors cell lines.
Transfection of RNASE6PL c¢DNA into HEY4 and
SG10G ovarian tumor cell lines suppressed tumorigeni-
city in pude mice. When tumors were induced by
RNASE6PL-transfected cells, they completely lacked
expression of RNASEG6PL cDNA. Tumorigenicity was
suppressed also in RNASE6PL-transfected pRPcT1/
H6cI2T cells, derived from a human/mouse monochro-
mosomic hybrid carrying a human chromosome 6 deleted
at 6q27. Moreover, 63.6% of HEY4 clones and 42.8%
of the clones of XP12ROSYV, a Xeroderma pigmentosum
SV40-immortalized cell line, transfected with RNA-
SE6PL cDNA, developed a marked senescence process
during in vitro growth. We therefore propose that
RNASEG6PL may be a candidate for the 6q27 senescence
inducing and class II tumor suppressor gene in ovarian
cancer. Oncogene (2001) 20, 980—988.
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6q27; Class II tumor suppressor gene; ribonuclease
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Introduction

Abnormalities of the long arm of chromosome 6 are
associated with several solid neoplasms including
carcinomas of the ovary (Saito et al,, 1992; Foulkes
et al., 1993; Cooke et al., 1996; Orphanos et al., 1995;
Tibiletti et al., 1996), breast (Develee et al., 1991;
Theile et al., 1996; Chappel et al, 1997), uterus
(Tibiletti er al., 1997), stomach (Queimado et al,
1995), liver (DeSouza et al., 1995), colon and rectum
(Honchel et al., 1996), kidney (Morita et al., 1991),
parathyroid gland (Tahara et al., 1996), melanoma
(Millikin ez al., 1991) and hematological malignancies
such as non-Hodgkin B-cell lymphoma (Gaidano et al.,
1992) and acute lymphoblastic leukemia (Hayashi et
al., 1990). Among the solid tumors, ovarian cancers
have been the focus of intense studies, because very
little is known about the genetic pathways underlying
ovarian carcinogenesis. Moreover, ovarian tumors are
still associated with a rather high mortality rate, mostly
due to delay in diagnosis which usually is performed at
the late stages of the disease. The elucidation of the
genetic events leading to inactivation of tumor
suppressor genes or activation of oncogenes in ovarian
tumors is therefore greatly needed.

By employing the loss of heterozygosity (LOH) assay
with markers localized along the entire long arm of
chromosome 6, several consensus regions of loss have
been delineated. From centromere to telomere the
order of these regions is 6q21—23.3 (Orphanos et al.,
1995; Shridhar et al., 1999), 6q25.1-25.2 (Colitti et al.,
1998) and 6q26-—27 (Saito et al., 1992; Foulkes et al.,
1993; Cooke et al, 1996; Orphanos et al., 1995;
Tibiletti er al., 1996). The latter region has been deeply
investigated and fine mapping has disclosed a genomic
interval flanked by markers D6S193 and D6S149 as the
shortest region lost in ovarian tumors (Cooke et al.,
1996; Saito et al., 1996). Deletions at 6q27 were
detected in 18 out of 20 benign ovarian tumors




(Tibiletti et al., 1998), indicating that alterations in one
or more genes mapping in this region are one of the
earliest events in ovarian carcinogenesis.

Furthermore, the survey of more than 12 studies,
reporting allele losses in ovarian carcinomas, allowed
the identification of an even shorter region, defined by
markers D6S193 and D6S297 which is included in the
greater D6S193-D6S149 interval (Cooke et al., 1996).
The analysis of the critical D6S193-D6S149 interval
resulted in the construction of a long range physical
map and a YAC contig of the region (Tibiletti et al.,
1998; Hauptschein et al., 1998). Physical measurements
indicate that the distance between D6S193 and D6S149
is approximately 900 Kb, whereas the smaller
D6S193-D6S297 interval spans about 100 Kb (Tibi-
letti et al., 1998; Hauptschein et al., 1998). Within the
latter genomic region we have recently mapped, cloned
and characterized a cDNA (RNASE6PL) (Trubia et
al., 1997; Acquati et al., 2000) coding for a protein
with a great similarity to a class of highly conserved
cytoplasmic RNases present in plants (Anderson et al.,
1986; Clark et al., 1990), animal viruses (Schneider et
al., 1993), bacteria (Meador and Kennell, 1990), fungi
(McClure et al., 1989), drosophila (Hime et al., 1995)
and mouse (Trubia et al., 1997). Interestingly, although
these enzymes from different organisms fulfill different
biological functions, a common feature of their activity
is the control of cell growth,(McClure et al., 1990).
This effect is particularly challenging due to the
chromosomal location of the human RNASEG6PL gene
at 6q27. Indeed, RNASE6PL may be a candidate
tumor suppressor gene whose loss could contribute to
the development or progression of ovarian cancers. We
have assessed such potential role for RNASE6PL and
we present here molecular and functional data
supporting an involvement of this gene in senescence
and in ovarian tumorigenesis.

Results

Genomic organization of the RNASE6PL gene

The structure of the RNASE6PL gene was determined
by YAC subcloning (Tibiletti et al., 1998, Hauptschein et
al., 1998) and cosmid assembling. This gene, which is
present in a single copy in the genome, spans approxi-
mately 27 Kb of genomic DNA and is split into nine
exons and eight introns (the accession number for the
genomic sequence of the gene is AL159163).

Mutation analysis of the RNASEGPL gene in primary
ovarian cancers

Fifty-five microdissected primary ovarian tumors,
classified from stage II to stage IV, were selected for
this analysis. These tumors were already known to
contain 6q26-qter deletions in at least one of the
chromosome 6 homologues (Tibiletti er al., 1996:
Tibiletti and Taramelli, unpublished results). According
to the Knudson hypothesis, the remaining RNASE6PL
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allele or alleles (most of the tumors were aneuploid for
chromosome 6) are expected to be altered by
inactivating mutations or small deletions. Using exon
1,2, 7, 8 and 9 primer pairs, several abnormal SSCP
bands were observed. Sequence analysis revealed the
presence of a missense commion variant in exon 9 (a C
to T at nucleotide position 708 with respect to the
ATG replacing Arg with Trip). In addition, three silent
base substitutions in exon 1, 8 and 9 and two common
single-base changes in intron 1 and 6 were detected. It
was possible to confirm the germline origin only of
exon 9 and intron 1 modifications. Most likely these
sequence variants are common polymorphisms be-
cause, at least in some cases, the same alterations were
found to be present in the corresponding germ line.
Also, the 5" and 3’ regions of the gene, investigated by
sequence analysis for the extension of 2 Kb, were
found to be intact. On the whole, this analysis indicates
that the RNASE6PL gene is not affected by mutations
in primary ovarian cancers. Furthermore, the HEY4
and OVCAR3 ovarian cancer cell lines were also
investigated, but as in the primary tumors no
mutations were found.

Expression of RNASE6PL in normal tissues, primary
ovarian tumors and ovarian tumor cell lines

Since the RNASE6PL gene does not seem to be
mutated in primary ovarian tumors and tumor cell
lines, we proceeded to study its expression in normal
and neoplastic tissues. The 1.4 Kb message of the
RNASE6PL gene is rather ubiquitous being present,
although at variable levels, in all tissues that were
examined (Figure 1a). When fourteen ovarian cell lines
were studied and compared with normal ovarian tissue,
several changes in RNASE6PL expression were
detected. Figure 1b shows a representative example of
eight cell lines where a reduced signal of RNASE6PL
mRNA was detected in five samples (HEY4, OV1225,
OV166, SW626, OVRS1000), while in one cell line
(SGI0G) the expression of the gene was totally
abolished and in two cell lines (SKOV3 and OVCR3)
was greatly enhanced. A series of 55 primary ovarian
tumors were also analysed and decreased expression of
RNASE6PL mRNA, below 25% of the normal
ovarian tissue, was detected in 15 (30%) of them. As
shown in Figure lc, some samples displayed easily
detectable levels of RNASE6PL mRNA, whereas in
other samples the signal was barely detectable.

Transfection of tumor and immortal cell lines, induction of
senescence and suppression of tumorigenicity

In order to verify whether the RNASE6PL gene
suppresses in vitro the transformed and immortal
phenotype, we transfected the ovarian cancer cell lines
HEY4 and SGI10G as well as the SV40-immortalized
cell line XPI2ROSV with the pcDNA/Neo-RNS6
vector, containing the full-length human RNASE6PL
¢DNA under the control of the cytomegalovirus
immediate-early promoter. Suppression of tumorigeni-
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Figure 1 Ex?ression pattern of RNASE6PL in normal and

cancer cells. *P-labeled RNASE6PL and GAPDH c¢DNA probes
were used for Northern blot hybridizations of a commercial poly
(A)"RNA filter representing several human tissues (a), a filter
containing 25 ug per lane of total RNA from eight ovarian
cancer-derived cell lines and a normal ovarian tissue (b), and a
filter containing 20 ug per lane of total RNA [rom sixteen
primary ovarian carcinomas and a normal ovarian tissue (c).
Radioactive band intensity from each lane was measured by
means of a Phosphorlmage device and the RNASE6PL
expression levels were calculated for each sample following
normalization with the signals obtained with the GAPDH control
probe

city was assessed in nude mice by inoculation of
transfected HEY4 and SG10G cells as well as by
inoculation of pRPc cells cotransfected with the
plasmids pMT89, containing the RNASE6PL cDNA,
and pGK (see Materials and methods). These cell lines
were selected for transfection for the following reasons:
the HEY4 cells show an expression of RNASE6PL
reduced to 10% of normal ovarian tissue (Figure 1b),
while the SG10G and XPI2ROSYV cells completely lack
expression of the RNASE6PL gene. The SGI0G cell
line was found to miss completely chromosome 6 as
evidenced by conventional cytogenetic and FISH
analyses (data not shown). The pRPc cells are mouse
cells derived from a tumor induced in nude mice by the
human/mouse monochromosomic hybrid pRPcT1/H6
and harbor a human chromosome 6 deleted at 6q27
(Gualandri et al., 1994).

Oncogene

Table 1 shows a summary of the results of
transfection of the RNASEG6PL ¢DNA into pRPc,
HEY4, SG10G and XPI12ROSV cells. Some character-
istics of the results were common among the
transfected cell lines. In fact, the number of living
clones that could be propagated in culture, compared
to the number of clones picked up after selection, was
constantly lower in cells transfected with the RNA-
SE6PL ¢cDNA inserted in sense orientation (S) than in
cells transfected with the RNASE6PL ¢DNA inserted
in antisense orientation (AS) or with the vector alone,
suggesting that the RNASEG6PL cDNA exerts an
inhibitory effect on cell growth and cloning efficiency.
Moreover, all the clones transfected with the RNA-
SE6PL cDNA-AS or with the vector alone were
tumorigenic, whereas the pRPc and HEY4 cell clones
transfected with the RNASE6PL cDNA-S were totally
or partially suppressed in tumorigenicity (Tables 2 and
3). A greater tumorigenic activity was displayed by the
clones of SGIOG transfected with the RNASE6PL
c¢DNA-S (Table 4). However, the tumors induced both
by HEY4 and SG10G cell clones transfected with the
RNASE6PL cDNA showed complete lack of expres-
sion of the inserted cDNA, indicating that the
exogenous RNASE6PL ¢cDNA was no longer func-
tional in the neoplastic tissue (Tables 3 and 4, Figure
2). Finally, while pRPc and SGI10G cells showed a
normal phenotype in vitro, 63.6% of HEY cell clones
and 42.8% of XPI2ROSYV clones displayed a senescent
phenotype.

The analytical examination of the results of the
single transfected cell lines indicates that pRPc normal
cells and pRPc cells transfected with the empty vector
were fully tumorigenic, whereas pRPc cells transfected
with the RNASE6PL cDNA-S produced tumors in
three out of eight inoculated animals (Table 2). Of
these three tumors, two completely regressed 30 days
after inoculation and the third failed to grow in
culture, indicating a limited viability of the tumor
cells.

Transfection of HEY cells with the RNASE6PL
cDNA-S yielded two classes of clones, since, out of
eleven clones expressing the inserted cDNA, seven
(63.6%) showed a senescent phenotype in vitro, while
four (36.4%) had a normal phenotype. The senescent
phenotype gradually appeared and progressed during
in vitro propagation of cell clones expressing RNA-
SE6PL. Senescence was characterized by large and
flattened cells, development of cytoplasmic vacuoles
and nuclear shrinkage (Figure 3 a—c). The process of
senescence was documented by a positive beta-
galactosidase reaction (Figure 3 d-g) and by a
decreased incorporation of [’H]-thymidine in senescent
cells: at 72 h the mean value of thymidine incorpora-
tion for three senescent clones was 245.6+89.8 c.p.m.
as compared to 900.54267.0 c.p.m. for three clones
showing a normal in vitro growth phenotype (P <0.05).
When tumorigenicity was tested, four out of eight
inoculated cell clones, expressing RNASE6PL cDNA,
were suppressed in tumorigenicity. Of the nine tumors
induced by the four tumorigenic clones. two completely
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Table 1 Summary of the results of transfection of the RNASE6PL ¢DNA into pRPc, HEY4, SG10G and XP12ROSV cells

Cell line DNA® Clone (s)  Pick (ed) Living® DNA* RNA? In vitro phenotype  Tumorigenicity®
pRPc RNASE6PL-S 29 29 25 (86.2%) 3 (12.0%) 2 (66.7%) Normal 100% 2PS
pRPc PGK >100 6 6 (100%) NA NA Normal 100% 1T
HEY4 RNASE6PL-S 78 78 47 (60.2%) 22 (46.8%) 11 (50.0%) Normal 36.4% 4S;3PS;1T
Senescent 63.6%
HEY4 RNASE6PL-AS > 100 24 24 (100%) 8 (33.3%) ND Normal 100% 3T
HEY4 pcDNA3 >100 4 4 (100%) NA NA Normal 100% 3T
SG10G RNASE6PL-S > 100 68 49 (72.1%) 13 (26.5%) 6 (46.1%) Normal 100% 1PS;4T
SG10G RNASE6PL-AS > 100 24 22 (91.7%) 7 (31.8%) ND Normal 100% 2T
SG10G pcDNA3 >100 4 4 (100%) NA NA Normal 100% 1T
XP12ROSV RNASE6PL-S >100 97 10 (10.3%) 8 (80.0%) 7 (87.5%) Normal 57.2% ND
Senescent 42.8%
XP12ROSV  RNASEG6PL-AS 85 10 6 (60.0%) 5 (83.3%) ND Normal 100% ND
XP12ROSV pcDNA3 > 100 6 4 (66.7%) NA NA Normal 100% ND

25 and AS refer to the RNASE6PL cDNA inserted into the expression vectors in sense or antisense orientation; "Percentage of living clones over
picked clones; “Percentage of RNASE6PL DNA positive clones over living clones; 9Percentage of RNASEGPL expressing clones over DNA
positive clones; “Number of inoculated cell clones which were tumorigenic or suppressed in tumorigenicity (T =tumorigenic; S=suppressed;

PS = partially suppressed). ND, not done. NA, not applicable

Table 2 In vitro phenotype and tumorigenicity of pRPc cells after
transfection of the RNASE6PL cDNA

Table 3 In vitro phenotype and tumorigenicity of HEY4 cells after
transfection of the RNASE6PL ¢cDNA

Clone DNA®  RNA®  Phenotype  Tumorigenicity’ Clone DNA® RNA® Phenotype Tumorigenicity®
pRPc-S9 + + Normal 1/4 (19)° SA3° + + Senescent 2/3 (56)
pRPc-S11 + + Normal 2/4 (26)° SA8? + - Normal 3/3 (20)
pRPc-S7 + - Normal ND SB1 + + Normal 0/3
pRPc-pGKA3 NA NA Normal 4/4 (24.5) SB2 + + Normal 1/3 (48)
pRPc NA NA Normal 4/4 (18.5) SB10 + + Senescent ND
SBI11 + + Senescent ND
SDNA and RNA refer to RNASE6PL ¢cDNA and RNA. ®In SC7 + + Senescent 0/2
parenthesis the mean value of the latency period for the appearance SC8 + + Senescent ND
of tumors. °This tumor completely regressed 30 days after sCl10 + + Normal 0/3
development. 9One tumor regressed 30 days after development, the SD4 + + Senescent 23 27°
other failed to grow in culture. ND, not done. NA, not applicable SD14 + + Normal 4/4 (24)
SD17 + + Senescent 0/3
AS cl2 + ND Normal 4/4 (45)
AScl8 + ND Normal 4/4 (21)
regressed (Table 3). Of the seven remaining tumors,  AScl12 + ND Normal 3/3(19)
three, derived from clones SA3, SB2 and SD14 (Table  PCDNA3AL + NA Normal 4/4 (26)
pcDNA3B1 + NA Normal 4/4 (22)
3), were tested by RT—PCR and found to completely pcDNA3CI + NA Normal 4/4 (17)
lack insert expression (Figure 2a), thereby confirming  HEy4 NA NA Normal 4/4 1)

the tumor suppressing activity of the RNASE6PL
c¢DNA. Three clones transfected by RNASE6PL-AS,
three clones transfected with the pcDNA3 vector alone
and one clone transfected by RNASE6PL-S, but not
expressing the inserted cDNA, were tumorigenic (Table
3). Two clones, SB1 and SCI10, showing a normal
phenotype in vitro, were suppressed in tumorigenicity
(Table 3), suggesting that senescence and suppression
of tumorigenicity were induced through two different
pathways by the RNASE6PL cDNA. Alternatively, the
two phenotypes may depend on a quantitative
difference in the expression of the RNASE6PL cDNA.
Indeed, dot blot analysis of clones with the senescent
and the normal phenotype showed that the senescent
clones constantly exhibited a greater expression (twice
to three times) of the inserted cDNA, as compared to
clones with a normal phenotype which are suppressed
in tumorigenicity (data not shown). This suggests that
senescence is induced only when the RNase cDNA is
expressed in HEY4 cells over a certain threshold, while
suppression of tumorigenicity requires only a minimal
expression of the insert.

*DNA and RNA refer to RNASE6PL ¢DNA and RNA. ‘In
parenthesis the mean value of the latency period for the appearance
of tumors. °S and AS refer to the RNASE6PL c¢cDNA inserted into
the vector pcDNA3 in sense or antisense orientation. “Clone SAS,
which does not express RNASE6PL ¢cDNA, was used as a control in
tumorigenicity assays. “The two tumors completely regressed 30 and
41 days after development. The two tumors induced by clone SA3,
the tumor induced by clone SB2 and two tumors induced by clone
SD14 were assayed by RT-PCR for the expression of RNASE6PL
c¢DNA with negative results (see Figure 2A). ND, not done. NA, not
applicable

Transfection of SGI10G cells with RNASE6PL
yielded six clones expressing the inserted cDNA (Table
4). The in vitro phenotype of these clones was normal
and no signs of senescence were detected. Five of the
six expressing clones, tested for tumorigenicity, were
tumorigenic. However, when tumors, representative of
each tumorigenic clone, were analysed by Northern
blot hybridization, they were all found to be negative
for the expression of the 1.4 Kb RNASE6PL transcript
(Figure 2b). Two SG10G clones transfected with the
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Table 4 In vitro phenotype and tumorigenicity of SG10G cells after
transfection of the RNASE6PL cDNA

Clone DNA® RNA® Phenotype Tumorigenicity®
SA8 + + Normal 4/4 (18)
SB13 + + Normal 3/3 (18)
SB30 + + Normal ND
SB31° + - Normal 212 (5)
SD43 + + Normal 1/3 (33)
SD46 + + Normal 3/3(22)
SE49 + + Normal 2/2 910)
SE53¢ - ND Normal 2/2 (5
ASA3 + ND Normal 4/4 (12)
ASA10 + ND Normal 4/4 (10)
pcDNA3D3 NA NA Normal 4/4 (10)
SG10G NA NA Normal 4/4 (19)

*DNA and RNA refer to RNASE6PL ¢DNA and RNA. ‘In
parenthesis the mean value of the latency period for the appearance
of tumors. “Clone SB31, which does not express RNASE6PL, and
clone $53, which does not contain the insert, were innoculated as
controls in tumorigenicity assays. Two tumors induced by clone SAS,
the three tumors induced by clones SB13 and SD46, the tumor
induced by clone SD43 and one tumor induced by clone SE49 were
assayed by Northern blot analysis for the expression of RNASE6PL
with negative results (see Figure 2b). ND, not done. NA, not
applicable

<« RNASE6PL

<+— GAPDH

Figure 2 Lack of human RNASEG6PL expression in mouse
tumors. Total RNA was purified from several tumor samples
obtained following s.c. injection in nude mice of HEY4 (a) and
SG10G (b) clones which were previously selected in culture
following transfection of an expression vector containing human
RNASE6PL ¢cDNA. Total RNA from HEY4-derived tumors (a)
was analysed for RNASE6PL expression by RT-PCR, rather
than Northern analysis due to the presence of endogenous
RNASEG6PL transcripts in this cell line. Lane 1:1kb DNA
ladder standard; lanes 2—4: tumor samples representative of
HEY4 clones SD14, SA3 and SB2, respectively (see Table 4); lane
5: RNASE6PL expression vector used for transfection of cell
lines; lane 6: negative control. The RNA samples from SG10G-
derived tumors (b) were analysed by Northern blot hybidization
with 32P-labelled RNASE6PL and GAPDH cDNA probes. The
tumor analysed were derived from the following clones: lane 1:
SAS; lanes 2—4: SB13; lanes 5—7: SD46; lane 8: SD43; lane 9:
SE49; lane 10: placenta total RNA
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RNASE6PL-AS cDNA, one clone transfected with the
vector alone and two clones transfected with RNA-
SE6PL-S, but not expressing the transfected cDNA,
were fully tumorigenic.

CpG island methylation analysis of the RNASE6PL gene
in ovarian cell lines and primary carcinomas

Hypermethylation of normally unmethylated CpG
islands in the promoters and 5’ flanking regions of genes,
down-regulated in cancers, is associated with loss or
reduction of (Jones and Laird, 1999; Baylin and Herman,
2000). In order to carry out methylation studies, we
determined the cap site, the proximal! promoter region
and more than 1 Kb of 5'-flanking sequences of the
RNASEG6PL gene. The region analysed spans the area of
greatest CpG density immediately close to the transcrip-
tion start site of RNASE6PL. Normal ovarian tissue,
tumor cell lines and primary cancers were analysed by a
methylation-specific PCR assay (Herman et al., 1996)
which revealed that RNASE6PL is present both in the
methylated and unmethylated form in the same sample.
No differences were detected between normal and tumor
samples. Moreover, the HEY4, SW626 and OV166 cell
lines were treated with the demethylating agent 5-aza-
cytidine to see whether RNASE6PL expression could be
increased but no changes were observed. These data
suggest that molecular mechanisms other than promoter
methylation may control RNASE6PL expression in
primary tumors and tumor cell lines.

Discussion

In this study we have investigated the possible role of
RNASE6PL as a tumor suppressor gene in ovarian
cancer. The gene was cloned at 6q27 (Trubia et al,
1997; Acquati et al., 2000), a chromosome region often
deleted in ovarian tumors and in different human
neoplasms, such as melanoma, breast cancer, non-
Hodgkin B-cell lymphoma and several others (Saito et
al., 1993; Foulkes et al., 1993; Cooke et al., 1996;
Orphanos et al., 1995; Tibiletti ez al., 1996; Develee et
al., 1991; Theile et al., 1996; Chappel et al., 1997,
Queimado et al., 1995; DeSouza et al., 1995; Honchel
et al., 1996; Morita et al., 1991; Tahara et al., 1996;
Millikin et al., 1991; Gaidano et al., 1992; Hayashi et
al., 1990). RNASEG6PL belongs to a group of RNases
which are very conserved among species (Trubia ef al.,
1997; Anderson et al., 1986; Clark et al., 1990;
Schneider et al., 1993; Meadoe and Kennell, 1990;
McClure et al., 1989; Hime et al., 1995). These enzymes
display different functions. However, one of their main
effects is regulation of cell growth (McClure e al.,
1990). In particular, a plant RNase, highly homologous
to RNASEG6PL, is responsible for the expression of
gametophytic self-incompatibility in Nicotiana alata
(McClure et al., 1990). This enzyme exerts its action by
inhibiting the growth of pollen tubes through degrada-
tion of pollen rRNA (McClure et al, 1990) with
consequent inhibition of protein synthesis. It may be
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Figure 3 (a and b) Normal HEY4 cells. Magnification: a, 25x; b, 50 x. ¢: HEY4 cell clone transfected with RNASE6PL cDNA
and showing a senescent phenotype characeterized by flattened and enlarged cells with cytoplasmic vacuoles. Magnification: 50 x .
Note that b and ¢ have the same magnification. d—g: Four cell clones transfected with the RNASE6PL ¢cDNA show a positive

reaction for beta-galactosidase. Magnification: 50 x

conceivable that a similar mechanism could also be
operative in the mammalian system, although at
present we have no experimental evidence for this
effect. On the other hand, it is worth noting that
RNases like onconase (Ardelt ez al., 1991) and BS-
RNase (D’Alessio, 1993) are potent inhibitors of cell
proliferation and the inhibitory effect is much more
evident on actively growing cells, such as immortalized
or neoplastic cells (Schein 1997), lending support to the
potential role of these enzymes as tumor suppressors.
Indeed, onconase is currently being evaluated for the
treatment of mesothelioma in phase III clinical trials
(Smith et al., 1999).

A mutation analysis on 55 ovarian tumors from
stage II to stage IV indicated the absence of mutations
in the RNASE6PL coding region as well as in the 5
and 3’ regulatory regions. Only a few polymorphisms
were detected. However, analysis of the same ovarian
tumors by Northern blot hybridization showed absence
or reduction of RNASE6PL expression in 30% of the
samples as compared to normal ovarian tissue.
Similarly, expression of the gene was reduced in 75%
of ovarian tumor cell lines. In order to shed light on
the possible mechanisms responsible for such down-
regulation we have investigated whether the promoter
of the RNASE6PL gene was methylated. Promoter
methylation does not seem to account for the reduced
RNASEG6PL expression as most of the tumors, cell
lines and normal ovary display both methylated and
unmethylated alleles, without clear differences between
normal and tumor tissues. Most likely other mechan-
isms are acting in the downregulation of this gene such

as local chromatin alterations or mutations in a gene(s)
acting upstream of RNASEG6PL.

Furthermore, RNASE6PL-transfected ovarian tu-
mor cell lines, inoculated into nude mice, were
suppressed in tumorigenicity. All the induced tumors
that were analysed resulted completely negative for the
expression of the RNASE6PL RNA, confirming the
role of this gene in controlling tumor growth.

Due to its behavior in tumors, RNASE6PL may be
defined as a class II tumor suppressor gene. Indeed,
tumor suppressor genes are distinguished into class I
and class II. Class I tumor suppressor genes lose
function by deletion, rearrangement or mutation
(Haber and Harlow, 1997); class II tumor suppressor
genes are structurally intact in their sequence, but are
underexpressed or unexpressed, due to downregulation
or silencing in transcription or translation (Jones and
Laird, 1999; Baylin and Herman, 2000). Loss of
expression may in turn depend on alterations affecting
an upstream regulatory gene or on epigenetic mechan-
isms altering the function of the class II gene promoter.
It is notable that all the genes which have convincingly
been associated with tumor suppressing activity in
human ovarian neoplasms belong to class II. Indeed no
inactivating mutations in primary tumors and cell lines
were reported for GPC3 (Lin et al., 1999), NOEY2 (Yu
et al., 1999), OVCAI1 (Bruening et al., 1999), SPARC
(Mok er al., 1996) DOC-2 (Mok et al., 1998), and
ZAC/LOTI1 genes (Abdollahi et al., 1997; Bilanges et
al., 1999). The GPC3 gene promoter was found to be
methylated in several ovarian cancer cell lines (Lin et
al., 1999), whereas the normal allele of the imprinted
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NOEY2 gene is always deleted in tumors showing
LOH (Yu et al., 1999). Thus, with the inclusion of the
RNASEG6PL gene, these results seem to indicate that
epigenetic mechanisms may play an important role in
ovarian tumorigenesis, by inactivation or downregula-
tion of tumor suppressor genes.

During the course of these experiments, when
RNASE6PL c¢cDNA was transfected into HEY4 and
XPI2ROSYV cells, clear signs of senescence appeared in
cell culture. The senescent phenotype was confirmed by a
positive reaction for beta-galactosidase, an enzyme
whose expression is specifically associated to the process
of senescence (Dimri et al, 1995). Induction of
replicative senescence by RNASEGPL is particularly
interesting in view of the fact that RNase activity
increases in plants during senescence and in human
serum in the course of ageing (Schein, 1997; Francesconi
et al., 1984). It is not clear at present why only a
proportion of cell clones, both in HEY4 and in
XPI2ROSV cell cultures, displayed the senescence
phenotype. With the single exception of angiogenin,
most known RNases (e.g. fungal RNase, BS-RNase,
onconase, EDN and the lectin RNases RCE and RJE)
are highly selective towards specific cell types (D’Alessio,
1993, Schein, 1997), suggesting that the other cells are
somehow protected from the inhibitory effect of RNases
on cell growth. Therefore, it is possible that cell clones,
not showing senescence after transfection of RNA-
SE6PL, derive from single ¢ells developing protective
mutations towards the activity of this RNase. Alter-
natively, the RNASE6PL ¢cDNA may be inactivated by
mutation in transfected cell clones displaying a normal
phenotype. Induction of senescence by RNASE6PL
makes this gene a good candidate for the senescence-
inducing gene (SEN6) mapped at 6q27 (Banga et al,,
1997), within the minimal region of LOH detected in
ovarian cancer (Saito et al., 1992; Foulkes et al., 1993,
Cooke et al., 1996; Orphanos et al., 1995; Tibiletti et al.,
1996, 1998) or induction of senescence may simply be a
phenotypic aspect of the tumor suppressor function
displayed by RNASE6PL. The relation of RNASE6PL
to SENG6 could be relevant to establish whether an
immortalization step is an early event in the process of
ovarian tumorigenesis. Indeed, the region where the
RNASEG6PL gene resides is consistently deleted not only
in benign ovarian tumors (Tibiletti et al., 1998) but also
in other benign conditions such as parathyroid adeno-
mas (Tahara es al, 1996) and breast benign tumors
including fibroadenomas (Tibiletti er «f., 2000). In
conclusion, RNASE6PL may represent the candidate
gene at 6q27 fulfilling both functions of inducing
senescence and of tumor suppressor gene in ovarian
cancer.

Materials and methods

Primary tumors., cell lines and culture conditions

Fifty-five microdissected primary ovarian tumors, from stage
IT to stage IV, were selected for mutational and expression

Oncogene

analysis in this study. The HEY4 cell line (Buick et al., 1985),
the SG10G cell line (Garzetti er al., 1992), the Xeroderma
Pigmentosum fibroblast cell line XP12ROSV, immortalized
by SV40 (Simon ef al., 1981) and the ovarian cancer cell lines
OV1225, SKOV3, OVCR3, OVRS1000, SW626 and OV166
were cultured in DMEM/F12 medium (GIBCO-BRL)
supplemented with 10% fetal calf serum. pRPcT1/H6c12T
(pRPc) cells, derived from a tumor induced by the human/
mouse monochromosomic hybrid pRPcT1/H6, carrying a
human chromosome 6 tagged with the neo gene (Gualandri et
al., 1994), were cultured in the same medium in the presence
of 300 ug/ml of G418 (Bochringer, Mannheim).

Construction of plasmids and transfection of cells

pRPc cells were cotransfected with the RNASE6PL cDNA
inserted in the plasmid pMT89 together with the pGK
plasmid carrying the resistance to hygromicin. The HEY4
and SG10G cells, which do not express the RNASE6PL gene
(see Results section), were transfected with the RNASE6PL
c¢DNA inserted in the plasmid pcDNA3 (Invitrogen) which
contains the neo gene and induces resistance to G418. In both
constructs, the RNase cDNA was directed by the cytomega-
lovirus immediate early promoter. For transfection experi-
ments, the plasmid containing the RNASE6PL cDNA (6 g
per 109 cells) was transfected into pRPc, HEY4, SG10G, and
XPI2ROSV cells with the Superfect reagent (Quiagen),
following the manufacturer’s instructions. The clones,
appearing after approximately two weeks of selection, were
harvested by trypsinization with glass cylinders and propa-
gated as mass cultures.

Beta-galactosidase test staining

The test was performed directly in the culture flasks
according to Dimri er al. (1995).

Thymidine incorporation test

Two x 10* cells were cultured on glass dishes in 24-well plates
in the presence of [*H]thymidine (I p¢Ci/ml). After 72 h, cells
were extensively washed in PBS, dishes were recovered from
the wells, resuspended in 1 ml of INSTA-GEL II PLUS
(Packard) and the radioactivity was measured in a Packard
TRI-CARB 4530 beta counter.

Tumorigenicity assays

To test for tumorigenicity in nude mice, cells were
trypsinized. harvested and washed twice. Fivex 10* pRPc
cells, 1x10° HEY4 cells and 2x10° SGI0G cells were
suspended in 0.1 ml of serum-free medium and inoculated s.c.
into 3-week-old nude BALB/c mice. Animals were examined
for tumor formation for up to 6 months. After that time, if
tumors had not appeared, the ceclls were considered
suppressed in tumorigenicity.

PCR and RT-PCR

Cells from each clone were harvested from 18 mm wells and
suspended in 0.5 m! of culture medium. Twenty per cent of
the suspension was directly used for PCR to confirm the
presence of the transfected cDNA, while the remaining 80%
was used for RNA extraction followed by RT-PCR. For
PCR reaction, the cell pellet was treated at 55°C for 1 h in
10 my Tris pH 8.3, 1.25 mm MgCly, 0.01% gelatine, 0.45%
Tween 20, 0.45% NP-40. 10 pyg/m! proteinase K. After




inactivation of proteinase K for 10 min at 95°C, the reaction
mixture was briefely centrifuged and 1 pul of the cell lysate
was used for PCR analysis with T7 and Sp6 primers,
designed on the arms of the expression vector. The conditions
of the reaction were: 94°C for 30 s, 55°C for 30 s, 72°C for
60s, 30 cycles. For RT-PCR analysis, total RNA was
extracted with the RNAwiz reagent (Ambion) following the
manufacturer’s instructions and reverse transcription was
carried out using the cDNA Synthesis System (Gibco-BRL).
GAPDH amplification was performed to control ¢cDNA
synthesis. To discriminate from the endogenous RNASE6PL
transcript, the expression of the transfected cDNA was tested
using the T7 primer from the vector and a specific primer for
the RNASE6PL c¢cDNA (5-TTGGGCATCAATGCTIGG-
3"). cDNA amplification was then carried out as described for
the PCR reaction.

RNASEG6PL methylation status analysis by methylation specific
PCR (MSP)

MSP was carried out as described by Herman et al. (1996).
Two pug of sodium bisulfite-treated genomic DNA from the
samples of interest was purified and used for MSP analysis
using the following primers: 44bis-MetA: 5 TTTGCGT-
GGCGAAGGAACGTAGTCGTT-3 and 44new-MetB: 5'-
TACAACAACGACCACCGAATACGCCCG-¥ (to amplify
methylated DNA); 44bis-UnmetA: 5-GGTGTTTGTG-
TGGTGAAGGAATGTAGTTGTT-3', and 44new-UnmetB:
§-TCCACTACAACAACAACCACCAAATACACCC-3 (to
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Transcriptional Profiling Develops Molecular
Signatures For Ovarian Tumors

David I. Smith
Mayo Clinic Cancer Center, Rochester, Minnesota

Of the cancers unique to women, ovarian cancer has the
highest mortality rate. Over 26,000 women are diagnosed
with this disease in the U.S. annually, and 60% of those
diagnosed will die of the disease. One of the greatest
problems with this disease is the lack of strong early
warning signs or symptoms resulting in advanced stage at
presentation in most women, followed by the outgrowth
of chemotherapy-resistant disease in the majority of pa-
tients. The S-year survival for patients with early stage
disease ranges from 50-90%, but it is less than 25% for
advanced-stage disease. In collaboration with researchers
at Millennium Predictive Medicine (Cambridge, MA), the
Ovarian Cancer Program of the Mayo Clinic Cancer Center
analyzed gene expression in over 50 primary ovarian tu-
mors, as compared with normal ovarian epithelial cells.
The technologies utilized incjuded microarray analysis
with nitrocellulose filters containing 25,000 arrayed hu-
man cDNAs, as well as the construction of subtraction
suppression hybridization cDNA libraries and their subse-
quent sequencing. Our specific focus has been on genes
that are underexpressed during the development of ovar-
ian cancer, although this analysis has revealed a large

number of consistently up- and down-regulated genes.
There were more down-regulated genes in ovarian tumors
than up-regulated genes. In addition, the number of genes
that had altered expression levels was quite large. For
example, we found 409 genes down-regulated at least
5-fold, and 72 genes up-regulated at least 5-fold in 33% of
the tumors analyzed. We also observed that most of the
expression alterations observed in later stage (Stages III/
IV) tumors were also observed in early-stage tumors
(Stages I/I). This was corroborated using comparative
genomic hybridization analysis on the same tumors that
were expression profiled. This analysis revealed that the
late-stage tumors had more gene amplification than early-
stage tumors, but most regions of change (either increases
or decreases) were in common between different stage
tumors. We also have verified the altered expression levels
of several of these genes using several complementary
strategies. Finally, we are taking top candidate genes that
are consistently under-expressed in ovarian tumors and
attempting to determine their functional role in the devel-
opment of ovarian cancer. Cytometry 47:60-62, 2002.
© 2001 Wiley-Liss, Inc.

OBJECTIVES

Our goal was to analyze gene expression in ovarian
tumors to identify genes that are consistently aberrantly
regulated during the development of ovarian cancer. We
partnered with researchers at Millennium Predictive
Medicine (MPMX) to gain access to their high-throughput
technologies for constructing and analyzing ¢cDNA mi-
croarrays as well as for generating and characterizing
subtraction suppression hybridization cDNA libraries. We
wanted to compare the expression profiles of low-stage
tumors with those of high-stage tumors to determine if
genes that were differentially expressed between low- and
high-stage tumors gave any insights into the dramatic
differences in survival between patients with low-stage
versus high-stage disease.

WHAT WE DID
Researchers at MPMx prepared 25K ¢DNA arrays which
contained approximately 18,000 independent genes.
High-quality RNA was prepared from over 50 primary
ovarian tumors (representing different histologies and

stages), radiolabeled and hybridized to the 25K arrays.
Gene expression in the tumors was compared with that of
noncultured normal ovarian epithelium. To complement
the microarray analysis and potentially to identify addi-
tional genes, we also performed both differential display
analysis (This work only identified 100 differentially ex-
pressed genes.) and constructed a number of SSH ¢cDNA
libraries that were sequenced and characterized by MPMx.

Ovarian-dedicated arrays containing any aberrantly reg-
ulated genes (identified from the microarrays, differential
display, or SSH libraries) were then produced, and these
are being used currently to analyze 2 much greater num-
ber of primary ovarian tumors. This analysis should
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certainly yield a number of consistently over-expressed
genes, several of which may make excellent genes for the
early detection of ovarian cancer. This analysis also may
yicld a number of important genes that can differentiate
among tumors with different histologies as well as among
those with a distinct clinical outcome.

We then used a number of complementary techniques
to verify that some of the genes identified were indeed
aberrantly expressed in the primary tumors. These in-
cluded Northern blot and reverse transcriptase polymer-
ase chain reaction (RT-PCR) analyses in a panel of ovarian
cancer cell lines followed by RT-PCR analysis with the
primaty tumors. We found that only 70% of the genes
which appeared to be aberrantly expressed as determined
by microarray analysis were indeed aberrantly expressed.

One of the greatest problems with this technology for
global expression profiling is determining which genes of
the hundreds or thousands of aberrantly regulated genes
are worthy of study. We have employed functional analy-
sis of several top candidates to demonstrate that aberrant
regulation of these genes might have a functional conse-
quence that would promote ovarian tumor development.
Genes were reintroduced into ovarian cancer cell lines
that were not expressing those genes, and the cell lines
were analyzed for changes in growth characteristics,
growth in soft agar, and sensitivity to chemotherapeutic
agents (as chemoresistance is an important clinical part of

the lethality of ovarian cancerk
\

WHAT WE OBSERVED

The 25K cDNA arrays were used to analyze over 50
primary ovarian tumors. Each tumor was hybridized to
duplicate membranes, and the overall reproducibility on
these filters was found to be quite high. Gene expression
levels in the tumors were compared with noncultured
ovarian epithelial cells (from brushings obtained from
women without ovarian cancer that were having oopho-
rectomies). We divided gene expression changes into >
2-fold, 5-fold, 10-fold, and 20-fold for both down- and
up-regulated genes. Next we determined the proportion
of the 50 tumors in which 2-fold, 5-fold, etc., changes in
expression occurred. We found that there were many
more down-regulated genes than up-regulated genes in
ovarian tumors. For example, we found 24 genes that
were down-regulated at least 5-fold in all the tumors pro-
filed but only a single genc up-regulated 5-fold in all the
samples.

How much of a change in expression is significant and
in what proportion of the tumors must that change occur
to be worthy of study? This is an important question as
there were 5718 genes that were 2-fold down-regulated in
at least 20% of the tumors and 4303 up-regulated genes,
which is far too many genes to analyze. However, if we
opt for the most stringent of criteria (for example, at least
a 10-fold change in all of our samples), we find only 9
down-regulated genes and no up-regulated genes. We ar-
bitrarily decided to examine genes that were at least 5-fold

down-regulated in > 50% of the tumors analyzed (This is
a list of 179 genes.).

The profound difference in survival between patients
with early-stage disease as compared with those with
late-stage disease suggests that there may be profound
differences in gene expression between early- and late-
stage disease and that some of these genes may be impor-
tant in determining these differences. However, when we
compared the expression profiles between early- and late-
stage disease, we found that most of the genes that are
aberrantly expressed in late-stage tumors are also aber-
rantly expressed in the early-stage tumors. There were
indeed differences, and we detected several genes that
were only aberrantly expressed in the late-stage tumors as
well as several that were only aberrantly expressed in the
early-stage tumors. We then used comparative genomic
hybridization to analyze the same tumors that were tran-
scriptionally profiled. This analysis revealed that the ma-
jority of the chromosomal regions that had either consis-
tent losses or gains in ovarian tumors was common to
both early- and late-stage tumors. The one important dis-
tinction that we did observe is that gene amplification was
very infrequent in early-stage tumors but much more com-
mon in late-stage tumors. )

Our strategy for verifying that these genes were indeed
aberrantly regulated was to first analyze gene expression
in a panel of ovarian cancer cell lines. We then tested gene
expression in primary ovarian tumors using semi-quanti-
tative RT-PCR analysis. To confirm that the aberrant ex-
pression detected was due to changes in the ovarian
tumors themselves and not due to changes in contami-
nating stromal cells or infiltrating lymphocytes, we per-
formed RNA in situ hybridization analysis of a number of
our top candidate genes. These analyses revealed that only
70% of the genes determined to be aberrantly regulated
from microarray analysis were indeed aberrantly regu-
lated.

Finally we performed functional analysis with several of
the consistently under-expressed genes. One gene, which
was previously identified using differential display analy-
sis, codes for a protein with a DNAJ domain. This gene,
designated MCJ (for methylation-controlled ] Protein), was
consistently not expressed in ovarian tumors. We deter-
mined that this gene’s expression is inactivated by loss of
one allele (detected by loss of heterozygosity) and meth-
ylation of the remaining allele. This gene was introduced
again into two ovarian cancer cell lines that did not ex-
press the gene, and we found that expression of this gene
was associated with enhanced sensitivity to paclitaxel,
topotecan, and cisplatin, suggesting that loss of MCJ ex-
pression may play a role in the de novo chemoresistance
in ovarian carcinoma.

CONCLUSIONS AND FUTURE DIRECTIONS
We have used transcriptional profiling to analyze gene
expression in primary ovarian tumors. This analysis has
revealed that there are more genes that are down-regu-
lated than up-regulated during the development of ovarian
cancer. Surprisingly, most of the aberrantly regulated
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genes in late-stage tumors also are aberrantly regulated in
early-stage tumors. Indeed, the most profound difference
that we observed between early- and late-stage tumors
was that gene amplification was common only in late-
stage tumors. Currently, a much larger number of primary
ovarian tumors (representing all the distinct histologies of
ovarian cancer) are being analyzed using arrays containing
genes that appeared to be aberrantly regulated on the
primary arrays or were identified from differential display
or SSH cDNA libraries. This analysis should give us a large
list of genes that we will need to examine before choosing
a manageable number of genes to be characterized in
much greater detail.

Our goal is to determine the number of genetic alter-
ations that underlie the development of ovarian cancer.
We also would like to identify the earliest genetic alter-

ations that occur, as this will give much greater insight
into the process whereby ovarian cancer develops. This
work will generate markers that can be used to distinguish
tumors of distinct histologies as well as clinical outcome.
Our goal is to use this information to understand better
the biology of this disease.
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Summary

Oncogene amplification is an important process in human tumorigenesis, but its underlying mechanism is currently un-
known. Cytogenetic analysis indicates that amplification of drug-selected genes in rodent cells is driven by recurrent
breaks within chromosomal common fragile sites (CFSs), via the breakage-fusion-bridge (BFB) mechanism. Here we show
that BFB cycles drive the intrachromosomal amplification of the MET oncogene in a human gastric carcinoma. Our molecular
evidence includes a “ladder-like” structure and inverted repeat organization of the MET amplicons. Furthermore, we show
that the breakpoints, setting the centromeric amplicon boundaries, are within the CFS FRA7G region. Upon replication
stress, this region showed perturbed chromatin organization, predisposing it to breakage. Thus, in vivo induction of CFSs

can play an important role in human oncogenesis.

Introduction

A complex pattern of chromosomal aberrations is a common
phenomenon in many cancers (Mitelman et al., 1997), but the
mechanisms that initiate, direct, and enable this instability are
still poorly understood. One form of cancer instability is intrach-
romosomal amplification of large genomic regions containing
oncogenes. Amplification and subsequent overexpression of
human oncogenes has been demonstrated for a variety of differ-
ent neoplasias, and is thought to play an important role in the
progression of tumor cells toward an increased malignancy (Bri-
son, 1993).

Early events of gene amplification in cancer are usually un-
available for studying. Thus, model systems in cultured rodent
cells were developed, in which amplification of genes conferring
drug resistance is induced and selected for. Analysis of the
structure and organization of such induced amplicons sug-
gested that the mechanism underlying the early amplification
events is breakage-fusion-bridge (BFB) cycles (Toledo et al.,
1992). According to this mode! (McClintock, 1951) (Figure 1),

an initial break (or telomere dysfunction) of a chromatid bearing
the selected gene might lead to fusion of the uncapped sister
chromatids after replication. The resulted dicentric chromosome
forms an anaphase bridge between the centromeres, which will
break while moving to opposite poles of the mitotic spindle. If
this break occurs centromeric to the selected gene, a duplication
of the region between the breaks is gained. Several recurrent
cycles of chromosomal fusion and breakage under the appro-
priate selection lead to intrachromosomal amplification. Impor-
tantly, the recurrent breaks defining the boundaries of the in-
duced amplicons were found to coincide with the cytogenetic
location of specific hamster chromosomal loci (Kuo et al., 1994,
Coquelle et al., 1997), defining as common fragile sites (CFSs)
(Glover et al., 1984).

CFSs are specific regions in mammalian chromosomes that
are prone to breakage and rearrangements. They appear as
constrictions, gaps, or breaks in metaphase chromosomes of
cells exposed to inhibitors of DNA replication, among which are
known mutagens and carcinogens (Yunis et al., 1987), as well
as inducers and enhancers of amplification events (Stark et al.,

lead to the development of better therapeutic approaches.

SIGNIFICANCE

Here we provide molecular evidence that the chromosomal breakpoints that drive oncogene amplification occur nonrandomly.
Our results show that the breaks setting the boundarles of amplifled genomic reglons might occur at specific chromosomal locl
defined as fraglle sites. There are ~100 fraglle sites In the human genome estimated to encompass >100 Mb of DNA. The fragllity
of these sites Is Induced under conditions which Interfere with DNA replication. We suggest that during In vivo fumorigenesis, cells
can undergo genetic changes and/or be exposed to environmental factors that Interfere with DNA replication and Induce fragile
site expression. Since many of the drugs used In cancer therapy are potenfial inducers of both fragile sites and gene amplification,
they can lead to chromosomal rearangements and further contribute to cancer development. Better understanding the effect of
these drugs on the mechanisms that inltiate, direct, and enable chromosomal Instabllity is of major clinlcal Importance and might
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Figure 1. A scheme illustrating gene amplification via breakage-fusion-bridge cy-
cles

Amplicons, yellow triangles; telomeres, orange (p-arm) or black (g-arm) circles;
centromeres, orange rectangles. A: Interphase—an initial break gives rise to an
uncapped chromatid carrying the selected gene. B: Metaphase —~fusion of the 2
uncapped sister chromatids results in a dicentric chromosome. C: Anaphase—the
dicentric chromosome forms a bridge between the opposite poles. A break of
this chromosome leaves one daughter cell (D) with 3 copies of the selected gene,
and only one copy in the other cell (E). Under a selection, recurrent cycles of BFB
will occur, resulting in further accumulation of amplicon copies.

1989; Windle et al., 1991). They are classified as either rare or
common, depending on their frequency within the population
and their mode of induction. CFSs are considered to be part
of the normal chromosome structure and thought to be present
in all individuals (Sutherland and Richards, 1995). In tissue cul-
tures, induced CFSs are preferential targets for chromosomal
rearrangements, sister chromatid exchéinge, and integration of
foreign DNA (Smith et al., 1998). So Ytar, molecular analysis
of CFSs has only been performed in human and mouse. This
includes the partial identification of 4 sites (FRA3B, FRA7H,
FRA7G, and FRA16D) out of ~90 that have been cytogenetically
defined in the human genome (Boldog et al., 1997; Mishmar et
al., 1998; Huang et al., 1998a; Paige et al., 2000; Shiraishi et al.,
2001). These studies reveal that the fragile regions (the regions
which exhibit fragility under the induction conditions) might en-
compass hundreds of kilobases (kb) of DNA. The molecular
basis underlying their fragility is largely unknown; however, sev-
eral studies show that intrinsic features of the fragile sequences
might lead to perturbed fork progression. This can result in
delayed replication along the fragile regions (Le Beau et al.,,
1998; Wang et al., 1999; Hellman et al., 2000), which is thought
to interfere with the normal chromatin organization of the fragile
region in metaphase, leading to fragility (Laird et al., 1987).
The ex vivo induction of CFSs was suggested to trigger and
drive the amplification of drug-selected genes in rodent cells
(Coquelle et al., 1997). However, the role of CFSs in the in vivo
amplification of human oncogenes remains unclear. Here we
investigate the possibility that recurrent chromosomal breaks
in common fragile regions can drive BFB cycles, leading to
amplification of human oncogenes. Under this mode! (Figure
1), the following would be predicted: (1) equal-spaced organiza-
tion of intrachromosomal amplicons, visualized by fluorescence
in situ hybridization (FISH) as a “ladder-like structure;” (2) clus-
tering of the recurrent breaks within a CFS region; (3) inverted
repeat organization of all the amplified copies along the same
chromosomal arm; and (4) absence of sequences telomeric to
the endogenous amplified region in the chromosome carrying
the amplified copies. In this study, we reconstructed the molecu-
lar events that led to the amplification of the MET oncogene in

a human gastric carcinoma and found that they fit with the BFB-
CFS model. Our results suggest that recurrent breakage at CFS
can lead to in vivo amplification of human oncogenes and other
chromosomal rearrangements, thus shedding a new light on
the role of CFSs in cancer.

Results

Equal-spaced organization of an amplified oncogene

in a human cancer '

If BFB cycles and recurrent breaks underlie oncogene amplifi-
cations, an equal-spaced organization of the amplified copies
would be expected to be preserved in some amplification
events, in which the initial organization was stabilized and pre-
served. We thus searched the literature for amplification of hu-
man oncogenes that resemble a ladder-like structure. Such a
possible structure was noticed in the GTL-16 cell line, originating
from a human gastric carcinoma (Motoyama et al., 1986). In
this hypotetraploid cell line, 2 copies of a marker chromosome
containing ~10 copies of the MET oncogene appear in all cells
(Ponzetto et al., 1991), accompanied by overexpression and
high activity of the MET tyrosine-kinase (Giordano et al., 1989).
To study the amplicon organization in these cells, we applied
FISH using clones from the vicinity of MET, and evaluated the
results using confocal microscopy and computational image
analysis (Hellman et al., 2000). As shown in Figure 2A, a clear
ladder-like structure with 4 distinct intervals was visualized on
the chromosomes carrying the amplification. This equal-spaced
organization suggests that all the amplicons were bordered by
breakpoints at the same chromosomal region. Thus, GTL-16
cells provide a suitable system to investigate the involvement
of a BFB mechanism and the role of fragile site expression in
cancer amplification.

Induction of perturbed chromatin organization

along the CFS FRA7G region

Previous analysis in GTL-16 cells defined the centromeric
boundary of the amplicons within an interval of several Mb at
7931.1-7g31.2 (Ponzetto et al., 1991). The only CFS in this
interval is FRA7G, cytogenetically mapped to 7q31.2 (Yunis et
al., 1987). Although Huang et al. characterized ~300 kb span-
ning the fragile region (Huang et al., 1938a; 1998b)}, the entire
FRAT7G region and its location relative to MET have not yet been
defined (Tatarelli et al., 2000).

To further define and characterize the entire FRA7G region,
we constructed a physical map covering ~10 Mb of 7q31 by
isolating BAC clones that bridged contiguous sequenced re-
gions from the public and the Celera databases (Figure 3E). We
further determined the location of clones relative to FRA7G gaps
and constrictions by using FISH on metaphase chromosomes
induced to exhibit CFSs. A clone was considered as spanning
the fragile region if on different chromosomes from the same
preparation its hybridization signals appeared centromeric or
telomeric to the FRA7G gaps, or crossed the gaps (“both sides”)
(Mishmar et al., 1998). Since there are several CFSs along 7q,
we used computational image analysis to identify FRA7G (Ex-
perimental Procedures). We were able to define 2 distinct zones
within the region of FRA7G. One zone encompassed ~700 kb
(dark blue in Figures 3B and 3F) and comprised clones (c168h6,
AC0020686, and V203C) that appear to span the FRA7G gaps
(Figure 2B, Table 1). The more telomeric 19d10 clone (RAY1/
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Figure 2. Organization of the MET amplicons relative to FRA7G region

A: The organization of the MET amplicons along a GTL-16 metaphase chromo-
some, analyzed by FISH using clone V193A as a probe. Insert: Computational
representation of the FISH signals {red) and the DAPI staining (blue} along the
amplified marker chromosome. B: FISH analysis of the FRA7G region. Upper
panels: metaphase chromosomes expressing FRA7G (white triangles), stained
with propidium iodide (Pl). FRA7G are seen as unstained gaps. Bottom: the same
chromosomes probed with a MET clone (cosmid c169h8, green arrow) and a
reference clone from 7q32 to mark chromosome 7. The MET signals appear
telomeric (left) or centromeric (right) to FRA7G gapé‘. C: Upper panel: A metaphase
chromosome stained with Pl, expressing both FRA7H and FRA7G. Bottom: The
same chromosome’ probed with YAC HSC7E125 (FRA7H) and BAC AC002461
(FRA7G). Note the opposite orientation of both clones relative to the physical
map. D: The order of clones along the FRA7G region, analyzed by FISH on
interphase nuclei from the GM00847 cells (each has 4-6 chromosomes 7). Left:
ACO003080 (green); AC025297 (red); AC002461 (green); AC002465 (red). Right:
HSC7E160 (7q31.1) {red); AC073137 (green); AC002461 (green); AC0024865 (red).
Inserts: a magnification of one chromosome from each nucleus. Note that the
order found in these FISH experiments is the expected order, based on the
sequenced contigs (Figure 3).

ST7 locus) showed hybridization signals only telomeric to the
FRA7G gaps, indicating that the telomeric border of this zone
must be between the MET and the RAY1/ST7 loci (Figure 3 and
Table 1).

The other zone encompassed 3-4 Mb (light blue in Figures
3B and 3F) and was comprised of clones showing an unusual
hybridization pattern, since they hybridize mostly to the telo-
meric side of the FRA7G gaps, even though they are located
more centromeric on the physical map (clones AC034112 to
ACO002463, Figure 2C and 3F and Table 1). The centromeric
border of this zone was found between AC002463 and
ACO003080. To exclude the possibility that the opposite orienta-
tion of these clones resulted from an inversion or translocation of
the region between AC002463 and AC034112 in the GM00847
cells, we performed a dual-color FISH analysis on interphase
nuclei from cells grown under normal growth conditions. The
signal order of 2 sets of clones was analyzed in at least 50
interphase chromosomes lying in a linear position (Figure 2D).
This analysis showed that the order of clones along the entire
region was as expected from the physical map, excluding the
possibility of a chromosomal rearrangement in the GM00847

cells. To confirm the mapping of the opposite orientation region
and to further exclude the possibility of a chromosomal re-
arrangement, we performed FISH on metaphase chromosomes
expressing FRA7G in another human cell line, PANC-1. A similar
telomeric orientation of clone AC002083 was identified in these
cells (data not shown). These results suggest that the opposite-
orientation pattern reflects an unusual chromatin organization
of the fragile region in metaphase chromosomes exhibiting fra-
gility. Thus, the analysis of the entire FRA7G region showed
that fragile site induction can lead to an unusual chromatin
organization (gaps, breaks, and spanning or opposite-orienta-
tion organization) along ~5 Mb of DNA.

Perturbed DNA replication along FRA7G

Perturbed DNA replication was previously found along CFS se-
quences (Le Beau et al., 1998; Wang et al., 1999; Hellman et
al., 2000). To further define the region encompassed by FRA7G,
we analyzed the replication pattern along that region, using
FISH on S-phase nuclei. In this method, a high percentage of
unreplicated alleles (single hybridization dot, S signal) indicates
that the region is replicated relatively late in the S-phase, while
a high percentage of replicated alleles (double dot, D signals),
indicates a relatively early replication time. For most sequences,
the 2 alleles replicate in a synchronous manner and have a low
percentage (10%-20%) of SD signals (Selig et al., 1992).

First we analyzed the replication pattern of the nonfragile
region telomeric to FRA7G (Figure 3). This analysis has revealed
2 distinct replication time zones: the region adjacent to FRA7G
(cosmid clones ¢172d6 and ¢19d10, orange in Figures 3C and
3G) showed a relatively early replication time and an allelic
synchronous replication pattern (18% and 19% SD, Table 2)
while the more telomeric part (CW44 and CNH24, dark green
in Figures 3C and 3G) showed a late and synchronous pattern
(12% and 10% SD). Thus, the region defined by the cytogenetic
analysis as the telomeric nonfragile region indeed presented a
normal replication pattern with early and late replication time
zones, which likely correspond to the R-band 7q31.2 and the
G-band 7g31.3, respectively (Figure 3A).

We then analyzed the replication pattern of clones that span
the FRA7G gaps. All of these clones (149e12, 182b3, 63e3,
19d5, and V193A, pink in Figures 3C and 3G) showed early
replication time, but with high levels of allelic asynchrony (29%-
32% 8D, Table 2). Such high levels of asynchrony have pre-
viously been found along the CFS FRA7H and might reflect
perturbed DNA replication (Hellman et al., 2000). However, it
might also reflect allele-specific replication time of regions har-
boring parentally imprinted genes (Kitsberg et al., 1993a). We
excluded this possibility by analyzing the replication pattern of
this region in an isodisomic cell line (CF33-3) carrying 2 maternal
chromosomes 7 (Hellman et al., 2000). The FRA7G clone V193A
showed asynchronous replication in both normal (CF33-2) and
the isodisomic cells (30% and 27% SD, respectively), indicating
that its asynchrony is not a result of allele-specific replication
time. It is important to note that the identified asynchrony might
also result from an abnormal separation of the sister chromatids
as part of the unusua! chromatin organization of the region.

We further investigated the replication pattern along the
FRA7G region by analyzing the replication time differences be-
tween adjacent sequences. The cosmid clone c63e3 replicated
before c182b3 (35 kb apart) in 62% of the nuclei, and the clone
¢169h6 replicated before c149e12 (150 kb apart) in 76% of the
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nuclei. The ability to clearly detect the replication time order of
| such adjacent clones suggested an unusual replication rate
| along FRATG, as previously found along FRA7H (Hellman et al.,
2000). Hence, the replication analysis supported the cytogenetic
identification of the FRA7G region, and showed that this region
| has an intrinsic replication perturbation, in addition to its induced
| chromatin perturbation.

boundaries of the MET amplicons

If the amplification of MET in GTL-16 cells originated by a BFB-
CFS mechanism, then the centromeric boundaries of the ampli-
cons are expected to lie within the FRA7G region. In a previous
study, the boundaries of the MET amplified region were esti-
mated to lie at least 1 Mb centromeric and 2 Mb telomeric to
MET (Ponzetto et al.,, 1991). To further define the boundaries,

Breakpoints within FRA7G set the centromeric
we applied dual-color FISH on GTL-16 nuclei using clones from
|

7931. In this analysis, amplified sequences were detected as
2 groups of multiple hybridization signals (representing the 2
amplified chromosomes), while nonamplified sequences were
detected as 4 isolated signals (representing the 4 copies of
chromosome 7 in these cells; examples in Figure 4A). Using this
approach, we defined the telomeric boundary of the amplified
region between YACs HSC7E437 and HSC7E137 (Figure 3D)
and the centromeric boundary between BACs AC025297 and
AC073137 (Figure 3H). Very weak signals were seen with
AC023468, indicating that the breakpoint is probably within this
clone. These results show that the centromeric boundary of the
amplified region is within the chromatin perturbation region of
FRA7G, as expected from the model.

Since FRA7G encompasses a large genomic region, and
assuming that the 10 amplified copies were generated by BFB
cycles, more than one breakpoint was expected within the frag-
ile region. In order to identify additional breakpoints, we ana-
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Table 1. FISH analysis of hybridization signals on metophase chromosomes
exhibiting FRA7G

Number of signals

Clones Centromeric Both sides Telomeric
c19d10 {RAY1/ST7) 0 0 21
c169h6 (MET) 2 1 17
AC002066/V203C 12 . 1 21
ACO034112/AC002461 0 0 40
AC002089 1 2 43
ACO025297 2 1 33
AC073137 1 0 54
AC002463 i i 40
AC003080 18 0 3.

The clones are ordered in accordance with the physical map, telomeric
{top of the table} to centromeric {bottom). The results of clones covering
the same genomic region were combined.

lyzed the level of amplification along the amplified region by
counting FISH signals in interphase nuclei (only nuclei in which
the analyzed region was replicated were considered, Experi-
mental Procedures). The analysis has revealed 2 distinct levels
of amplification. Most (8/10 Mb) of the amplified region, covered
by clones HSC7E437, AC002465, and V193A, showed 20 + 5
signals per group (green in Figures 3D and 3H, and Figure 4B).
This indicated that each marker chromosome carried 10 copies
of the amplified region, in agreemen} with previous studies
(Ponzetto et al., 1991). However, the centromeric 2 Mb of the
amplified region, encompassed by BAC clones AC017003,
AC074000, and AC025297 (red in Figures 3D and 3H), showed
only 10 =+ 3 signals/group, indicating only 5 copies/chromosome
(Figure 4B). Hence, 2 breakpoints were identified in the centro-
meric boundary of the MET amplification: one between the high-
and the low-amplified regions (between V193A and AC017003),
and the other between the low- and the nonamplified regions
(between AC025297 and AC073137). These 2 breakpoints lie
within the FRA7G region, as predicted by the BFB-CFS mecha-
nism. The final amplification break (accounting for >8 MET cop-
ies, Figure 5A, stage iv) is expected to appear in only one copy
(Figure 5A, stage v). This final breakpoint could not be identified
since a change in only one FISH signal is below the resolution
of the analysis.

The GTL-16 amplicons are organized
as inverted repeats
Another important prediction of the BFB model is an inverted
repeat organization of the amplicons (Figure 1). The first indica-
tion for such an organization in GTL-16 cells was the 5-step
ladder as demonstrated by hybridization with clone V193A,
which is 2 Mb from the edge of the amplicon (Figure 2A). This
type of pattern would be expected using a FISH probe from the
edge of the amplicon, assuming an inverted repeat organization.
An alternating pattern between close signals (below the resolu-
tion of FISH at metaphase) and distant signals should be ob-
served, and this could result in a 5-step ladder, with each rung
corresponding to 2 copies of the MET amplicon (Figure 5A). As
can be seen in Figure 2A, this was indeed the identified pattern.
Since FISH resolution is much higher in interphase (>100
kb), we further examined the amplicon organization in in-

Table 2. Replication pattern (% SD. SS, and DD} of S-phase nuclei

Clones sD $S 0D
Synchronous and late

CWd4 12 73 15
CNH24 . 10 77 13
Synchronous and early

Ci72dé 18 37 45
ci9d1o 19 45 36
Asynchronous and early

Cid%e12 31 34 35
C182b3 29 31 40
Cé3e3 32 27 41
C19d5 30 33 37
V193A 29 28 43
Synchronous and early

AC002461 18 25 57
AC025297 14 28 56

The clones are ordered according to the physical map, telomeric (top of
the table} to centromeric {bottom).

terphase chromosomes. In the case of an inverted repeat organi-
zation, signals of a clone from the edge of the amplicon are
expected to appear adjacent to each other, while signals of a
clone from the center are expected to flank them (Figure 5A).
In contrast, in the case of a direct repeat (head to tail) organiza-
tion, the signals from the edge and those from the center are
expected to alternate, and in a case of a random organization,
no pattern is expected. The analysis of paired probes, one from
the center and the other from the centromeric edge of the GTL-
16 amplicon, showed a pattern (Figure 5B) consistent with an
inverted repeat organization, as predicted by the BFB model.

The structure of the amplified chromosome

In many amplification events in cancer cells, the initial amplicon
organization is hampered by secondary rearrangements which
occur during the cancer development. However, in GTL-16 cells,
the amplicon organization indicates that such secondary re-
arrangements did not occur in these cells. By using spectral
karyotyping (SKY) and FISH analyses we found that the chromo-
some arm harboring the MET amplicons is fused to the centro-
mere and the short arm of chromosome 12 (Figures 4C and
4D). Such a fusion could have prevented secondary BFB cycles,
due to the recapping of the broken chromosome end (Toledo
et al., 1992). Importantly, FISH analysis of clones from the telo-
meric part of 7q (clones HSC7E137 from 7g31.3 and ¢53g3
from the MEST locus in 7q32) showed that sequences telomeric
to the endogenous amplified region are absent in the marker
chromosome, as predicted by the BFB model. In addition, the
karyotype analysis of GTL-16 showed that most chromosomes
have 4 copies, while chromosome 7 has 2 normal and 2 deleted
copies, and chromosome 12 and the 7-12 fused marker chromo-
some each appear in only 2 copies (Rege-Cambrin et al., 1992).
This organization further supports our hypothesis that the ampli-
fied chromosome was stabilized by fusion with the short arm
of chromoscme 12 following the ampilification. However, the
fusion between the amplicons and chromecsome 12 sequences
could have also resulted from a recombination event prior to
the BFB cycles.
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Figure 4. The organization of the amplified chromosome in the GTL-16 cells

A: FISH analysis of the amplicon boundaries. Left: an interphase nucleus hybrid-
ized with the MET clone c169h6 (green) and with clone V193A (red). The signals
of both probes colocalize and appear yellow. Right: an interphase nucleus hybrid-
ized with V193A (red) and HSC7E137 (green). HSC7E137 signals appear only on
the 4 nonamplified copies of chromosome 7 (arrowheads), indicating that this
clone is not included in the amplicon. B: The level of amplification of clones
encompasses the amplified region, determined by counting FISH signals in in-
terphase nuclei. Only nuclei in which the analyzed region was replicated were
considered. C: Left: SKY analysis of the amplified chromosome. Chromosome
12 sequences in green, chromosome 7 in orange. Right: G-banding of the same
chromosome. D: An interphase nucleus from GTL-16 cells hybridized with a
chromosome 12 centromeric probe (green) and V193A (red).

Discussion

Here we demonstrate the role of a BFB-CFS mechanism in the
amplification of a human oncogene in vivo. Our study provides
evidence for all the predictions of this model: (1) An equal-
spaced organization of the amplified units, visualized as a lad-
der-like structure. (2) Clustering of the recurrent breaks within
CFS regions (rather then distribution of the breaks along the
distance between the oncogene locus and the centromere). Our
study provides molecular evidence that breakage leading to
oncogene amplification preferentially occurs within CFS re-
gions. Since human CFSs encompass large genomic regions,
different breakpoints within the fragile region are expected to
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Figure 5. Reconstruction of the events which led to the MET amplification in GTL-
16 cells

A: The sequence of events, leading to amplification of MET in the GTL-16 cells.
The 5X region is shown in red, the 10X region in green, induced FRA7G as black
rectangles, uninduced as empty rectangles. Only intact {nonrearranged) fragile
regions are marked. Other elements have the same color code as in Figure 1. B:
Upper: The expected hybridization pattern along one chromatid of the amplified
chromosome. Bottom: A replicated amplified chromosome of a GTL-16 in-
terphase, hybridized with clone AC025297, from the 5x amplified region (red)
and AC002465 from the 10x amplified region (green).

occur during subsequent BFB cycles. The regions between the
breakpoints are expected to be included only in a subset of the
amplicons (Figure 5). Here we identified 2 breakpoints (2 Mb
apart) that set the centromeric boundaries of the MET ampli-
cons. Both breakpoints lie in a region adjacent to the FRA7G
spanning region, which showed unusua! chromatin organization
upon fragile site induction. Such an unusual organization (the
“opposite orientated” phenomenon) was found around the
spanning region of another CFS, FRA7H (Mishmar et al., 1998)
(Figure 1C). Thus, we suggest that CFSs might consist of “core
sequences” and “affected sequences.” The core sequences
{the spanning regions) have an unusual replication pattern (Le
Beau et al., 1998; Wang et al., 1999; Hellman et al., 2000) (Table
2), which predispose them to additional replication delay under
conditions that induce fragility. The replication delay might per-
turb the condensation of the chromatin, resulting in large regions
showing perturbed chromatin organization at metaphase (Figure
1C). The unusual organization of the chromatin loops around
the gaps might account for the “opposite-orientation” phenome-
non. (3) Symmetric and alternate organization of the amplified
copies, which fits with an inverted repeat organization of the
amplified region. As can be seen in Figure 5B, such an organiza-
tion was found for the 10x and 5x amplified regions in GTL-
16 cells. (4) Absence of sequences telomeric to the endogenous
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amplified region, in chromosomes carrying the amplified copies.
In the GTL16 cells, no sequences telomeric to HSC7E137 were
identified in the marker chromosome. Hence, for the amplifica-
tion of MET in the GTL-16 cells, all the predictions of the BFB-
CFS model have been verified at the molecular level. It therefore
appears that intrachromosomal amplification of human onco-
genes may arise by the same mechanism as suggested for the
amplification of drug resistant genes in rodent cells.

We suggest the following sequence of events (diagrammed
in Figure 5) for in vivo oncogene amplification in tumor cells:
(1) An initial break sets the telomeric boundary of the amplified
unit and leads to deletion of the region telomeric to the break
(Figure 5A). The break might occur spontaneously, or as part
of general chromosomal instability that characterizes early
stages of many cancer types (Lengauer et al., 1998), such as
nonreciprocal translocations caused by telomere dysfunction
(Artandi et al., 2000). However, the initial break might also occur
at CFSs due to exposure to induction conditions. In GTL-16
cells, this break occurred at 7q31.3, between YACs HSC7E437
and HSC7E137. (2) The initial break generates uncapped chro-
mosomal ends, which can lead to end-fusion of the sister chro-
matids, resulting in a dicentric chromosome (Figure 5A). (3) At
the same stage, the cells can undergo additional genetic
changes and/or be exposed to environmental factors (e.g., hyp-
oxia, deregulation of the nucleotides pools, and treatment with
cytotoxic drugs) that interfere with DNA replication and induce
fragile site expression (Yunis et al., 1987). All these conditions
are also enhancers of gene amplification (Stark et al., 1989;
Coquelle et al., 1988; Poupon et al., 19@6). Importantly, FRA7G
was shown to be induced by several agents, such as methotrex-
ate or actinomycin D (Yunis et al., 1987), which are inducers
of gene amplification. The unusual chromatin organization of
induced fragile regions predisposes them to chromosomal
breaks during anaphase, when the dicentric chromosome is
segregating to opposite poles (Figure 5). In GTL-16 cells, this
evidently led to a break within FRA7G, between the 10X and
the 5x amplified regions. (4) Additional fusion-bridge-breakage
cycles occur, giving rise to the amplification of the region be-
tween the breaks. In GTL-16 cells, 3 such BFB cycles presum-
ably occurred, resulting in 16 extra copies of the MET amplicon.
(5) Eventually, the selection pressure disappears once the onco-
gene has attained sufficient amplification. Since MET protein is
known as a scatter factor, which triggers cell proliferation, cell
survival, cell motility, invasion of extracellular matrix, and in-
duced angiogenesis (Prat et al., 1998), we postulate that in
the GTL-16 cells, the disappearance of the selection pressure
(which also induces fragility) might have occurred as a result of
the development of motility and/or angiogenesis ability in cells
carrying extra copies of MET, leading to reoxygenation of the
tumor cells. (6) Secondary BFB cycles can occur, hampering
the initial organization of the amplicons, unless the uncapped
chromosomal ends stabilize within a short time following ampli-
fication. In the GTL-16 cells, the amplified chromosome fused
with chromosome 12, and the breakage of this dicentric 7-12
chromosome was stabilized, giving rise to the marker chromo-
some (Figures 4C and 4D and Figure 5A, stage vi), probably
shortly following the amplification.

Recent studies suggest that BFB cycles represent a general
mechanism leading to cancer instability. Gisselson et al. investi-
gated cancer cells with high intratumor heterogeneity, and found
evidence for frequent BFB events, including anaphase bridges,

telomeric associations, and dicentric ring chromosomes, in both
tissues and cell lines from a variety of solid tissues cancers
(2000a). Artandi et al. showed that BFB cycles promote nonre-
ciprocal translocations and epithelial cancers in mice (2000).
Shuster et al. reported a pattern of rearrangements in oral squa-
mous cell carcinoma cell lines that fit to the BFB mechanism
of amplification in human chromosome 11q13, a region that
harbors several oncogenes (2000). Our search of the literature
identified additional examples of symmetric amplicon organiza-
tion, which might indicate ladder-like organizations in amplifica-
tions of several human oncogenes, including KRAS2 (Figure 7
in Gisselsson et al., 2000b), MLL (Figure 3C in Kakazu et al.,
1999) and C-MYC (Figure 4 in Falzetti et al., 2000). Hence,
the lack of visual ladder-like structures in most human tumors
containing intrachromosomal amplifications probably reflects
their late stage in the cancer progression, during which second-
ary rearrangements can hamper the recognition of the initial
amplicon organization.

These findings show that the expected results of BFB-CFS
amplification could be found in a variety of human tumors, sug-
gesting that fragile sites may play an important role in cancer.
Yunis and Soreng (1984) put forward the hypothesis that CFSs
play arole in cancer instability, based on the correlation between
chromosomal bands in which CFSs are mapped and bands
harboring cancer breakpoints and/or oncogenes. Subsequently,
deletions of regions containing tumor suppressor gene(s) were
found at the human CFSs FRA3B, FRA7G, and FRA16D regions,
indicating instability in cancer cells (reviewed in Smith et al.,
1998; Mangelsdorf et al.,, 2000). However, these studies left
open the question of whether this instability is the outcome of
an intrinsic instability conferred by the fragile sites or due to
the selection of altered cancer genes located in these regions
(Smith et al., 1998). Our study suggests that these cancer
breakpoints are indeed the outcome of an intrinsic instability
conferred by the fragile site sequences, since in the case of
intrachromosomal ampilification of large genomic regions, the
breaks are distant from the targeted genes and thus are not
affected by selection. Thus, it is important to investigate the
molecular organization of additional intrachromosomal onco-
gene amplifications (such as C-MYC, cyclin D1, MLL) and the
role of the fragile sites in their vicinity (FRA8C or D, FRA11F or
A, and FRA11G, respectively).

In many cancers, chromosomal instability precedes and pro-
motes the dysfunction of specific cancer genes (Lengauer et
al., 1998), leading to the generation and/or to the progression
of malignancy (Rennstam et al., 2001). Our results suggest that
under conditions which induce the expression of CFSs, these
regions can direct chromosomal rearrangements that play a
significant role in cancer development. Since many of the drugs
used in cancer therapy are potential inducers of both fragile
sites and amplification, they can lead to chromosomal re-
arrangements and further contribute to cancer development.
Thus, a better understanding of the causal relationship between
cancer therapeutic agents and their specific targets (specific
fragile sites and oncogenes) will provide the required information
for developing better therapeutic approaches.

Experimental procedures
Cells and growth conditions

The cell lines used in this study: GTL-16, a gastric carcinoma cell line with
amplification of the MET oncogene (Motoyama et al., 1986); Manca, a lym-
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phoma cell line; CF33-2, a normal lymphocyte cell line; and CF33-3, a
chromosome 7 isodisomic lymphocyte cell line (Hellman et al.,, 2000).
GMO00847 {National Institute of General Medical Sciences, Camden, NJ),
a simian virus 40 (SV40)-transformed human fibroblast cell line. PANC-1
(American Type Culture Collection, Rockville, MD), a tumor-cell line estab-
lished from a carcinoma of the pancreas. All cell lines except GM00847 were
grown in RPMI medium containing 10% fetal calf serum. GM00847 was
grown in MEM-EAGLE medium supplemented with 10% fetal calf serum.
Contigs, sequences, and DNA probes

A DNA sequence-based map of chromosome 7g31.1 to 7q31.3 was con-
structed by comparing and combining information acquired from the Celera
scaffold assemblies and from high-throughput (HTGS) and finished se-
quence from the public GenBank database. Physical gaps were bridged by
BAC clones that have either been sequenced or whose end-sequence (TIGR
BAC End Sequence Database) was known or generated. BLAST2 analysis
was used to align all sequences. The assembled map with no physical
(clone) gaps represerits a consistent presentation of order of DNA markers,
in comparison to our other studies which used the additional technologies
of radiation and somatic cell hybrid mapping, and FISH (see http://www.
genet.sickkids.on.ca/chromosome7/ for any additional information on clones
required).

Fluorescent in situ hybridization (FISH} on interphase nuclei

FISH experiments on interphase nuclei (for mapping of FRA7G region, repli-
cation time analysis, and mapping of the amplicon boundaries and copy
number) were performed as previously described (Hellman et al., 2000). To
avoid misinterpretation of the amplification signals, only nuclei in which the
4 nonamplified copies of chromosome 7 were replicated (showed D signals)
were considered in the analysis. Signals of 50 replicated amplified chromo-
somes were counted for each probe.

Cytogenetic analysis of the FRA7G region

GM00847 cells were grown on coverslips, and {ragile sites were induced by
growing the cells in M-199 medium in the presence of 0.4 uM aphidicolin
and 0.5% ethano! for 24 hr prior to chromosome fixation. FISH mapping of
the region encompassed by FRA7G was performed as previously described
(Mishmar et al., 1998). Since there are several aphidicolin induced fragile
sites on 7q, their positions had to be carefully determined. Using the Image-
Pro Plus program (Media Cybernetics, Silver Spring, MD), the distance of
the fragile sites from the tip of the long arm of chromosome 7 was measured,
relative to the total length of the chromosome. According to the Genome
DataBase mapping of the fragile sites, this value should be ~15% for FRA7H,
~30% for FRA7G, and ~37% for FRA7F. Analysis based on 150 FRA7G
measurements indicated that it is located at 29% + 2.5%. Observed cytoge-
netic gaps within 2 SD were considered to be FRA7G.

Spectral karyotyping analysis

- Chromosome labeling was performed with the SKY fluorescent labeling kit
(Applied Spectral Imaging, Migdal HaEmek, Israel) according to the manufac-
turer's protocol. Chromosomes were counterstained with DAPI. Image ac-
quisition was performed by use of a SD200 Spectracube (Applied Spectral
Imaging, Inc.) mounted on an Olympus BH-2 microscope using a custom
designed optical filter (SKY-1, Chroma Technology, Brattleboro, VT, USA).
Automatic identification of chromosomes was based on the measurement
of the spectrum for each chromosome. -
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Transcriptional Profiling Reveals That Several
Common Fragile-Site Genes Are Downregulated in
Ovarian Cancer
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Previous transcriptional profiling analysis of 14 primary ovarian tumors identified approximately 12,000 genes as decreased in
expression by at least twofold in one or more of the tumors sampled. Among those genes were several known to be mapped
to common fragile sites (CFSs), some of which had previously been shown to exhibit a loss of expression in ovarian carcinoma.
Therefore, we selected a subset of genes to determine whether they localized within CFSs. Of the 262 genes that were
downregulated at least twofold in 13 of 14 tumors, 10 genes were selected based on the following criteria: localization to a
CFS band; documented aberrations in at least one malignancy; and feasibility of scoring breakage at the specific CFS.
Fluorescence in situ hybridization analysis was performed using bacterial artificial chromosome clones encompassing portions
of the genes to determine the position of the genes relative to their corresponding CFSs. Nine genes were determined to
localize within seven previously uncloned CFSs. Semiquantitative reverse-transcription/polymerase chain reaction analysis of
the cell lines and primary ovarian tumors validated the downregulation of seven of the 10 genes. We identified portions of
seven uncloned CFSs and provide data to suggest that several of the genes mapping within CFSs may be inactivated in ovarian

cancer.  © 2002 Wiley-Liss, Inc.
INTRODUCTION

Present in virtually all individuals, the common
fragile sites (CFSs) are chromosomal loci at which
gaps/breaks and rearrangements are visualized
when cells are challenged under appropriate tissue
culture conditions. Hypotheses have suggested
that CFSs are causally related to cancer. Initially,
the evidence supporting a relationship between
CFSs and cancer was the observation that many
CFSs localized within cytogenetic bands were fre-
quently altered or rearranged during cancer devel-
opment (Yunis, 1983; Hecht and Glover, 1984;
Hecht and Sutherland, 1984; Yunis and Soreng,
1984). Since that initial observation, regions of
chromosomal fragility have also been shown to be
associated with gene amplification as well as sites
of preferential viral integration (Wilke et al., 1996;
Coquelle et al., 1997; Mishmar et al., 1998; Thor-
land et al.,, 2000). However, these data did not
conclusively demonstrate a link between CFSs and
cancer development. Therefore, in an attempt to
determine the role that the CFSs play in cancer
development, a substantial effort has been made to
clone and characterize the CFSs, to characterize
the genes that localize within these fragile regions,

© 2002 Wiley-Liss, Inc.

and to determine the role that these genes may
play in tumorigenesis and cancer progression.

To date, five of the 87 currently recognized
CFSs have been cloned and characterized [FRA3B
(3p14.2), FRA7G (7q31.2), FRA7H (7q32.3),
FRA16D (16¢g23.2), and FRAXB (Xp22.3)] (Wilke
et al., 1996; Huang et al., 1998; Mishmar et al.,
1998; Krummel et al., 2000; Mangelsdorf et al.,
2000; Paige et al., 2000; Arlt et al., 2002). Many of
these CFSs have been associated with a cancer-
specific chromosomal rearrangement, a region of
high loss of heterozygosity (LOH) in one or more
tumor types, andf/or a site of viral integration
(Wilke et al., 1996; Huang et al., 1998; Mishmar et
al., 1998; Smith et al., 1998; Krummel et al., 2000;
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Mangelsdorf et al.,, 2000; Paige et al,, 2001). In
addition, chromosomal deletions involving all five
of these fragile sites have been observed in several
different cancer types (Inoue et al., 1997; Huang et
al., 1998; Smith et al., 1998; Mimori et al., 1999;
Mangelsdorf et al., 2000; Paige et al., 2001; Arlt et
al., 2002). These observations initiated the search
for genes located within these breakage regions
that were potential targets for alterations. A total of
eight genes, the fragile histidine triad gene (FHIT,
FRA3B), caveolin-1 and -2 (CAVI and CAVZ,
FRA7G), TESTIN (FRA7G), the WW domain
containing the oxidoreductase gene (WWOX,
FRA16D), and GS/7, TLR5A, and the steroid sulfa-
tase genes (S7S8, FRAXB), have been identified
within these fragile regions (Ohta et al., 1996; En-
gelman et al., 1998; Bednarek et al., 2001; Tatarelli
et al., 2000; Arlc et al., 2002). Several of these genes
have been shown to have a loss of expression
(LOE) in a variety of different tumor types includ-
ing lung, breast, and ovarian cancer (Lee et al.,
1998; Smith et al., 1998; Tatarelli et al., 2000). Two
of these genes, FHIT and WWOX, have been
shown to act functionally as tumor suppressors
(Ohta et al., 1996; Siprashvili et al., 1997; Bednarek
et al., 2001).

Transcriptional profiling is a powerful technique
for the identification of a large number of genes
that are aberrantly regulated during cancer devel-
opment. Utilizing transcriptional profiling technol-
ogy, 14 primary ovarian tumors (seven early and
seven late stage) were analyzed previously to iden-
tify genes that were downregulated in ovarian can-
cer (Shridhar et al., 2001). Analysis of the 14 tumors
identified approximately 12,000 genes, including
several known CFS genes, as downregulated by =
twofold in at least one of the 14 tumors sampled.
Prior analyses of FHIT, WWOX, and CAVI had also
indicated the downregulation of these genes during
ovarian cancer development (Mandai et al., 1998;
Manning et al., 1999; Bagnoli et al., 2000; Ozaki et
al., 2001; Paige et al., 2001). Therefore, we selected
a subset of 10 genes to determine whether genes
located within CFSs were inactivated in ovarian
cancer. Using selective criteria, which limited anal-
ysis to genes found in CFSs that had been impli-
cated previously as playing a role in cancer, 10
genes were selected from the 262 genes downregu-
lated in at least 13 of the 14 tumors analyzed
(Shridhar et al., 2001). Fluorescence in situ hybrid-
ization (FISH) analysis of bacterial artificial chro-
mosome (BAC) clones identified as spanning por-
tions of these 10 genes indicated that nine of the 10
were contained within CFSs. As a result, portions

of seven previously uncloned CFSs were identified
and the genes within them localized relative to
their specific CFS. LOE analysis of the nine CFS
genes confirmed that six were downregulated in
primary ovarian tumors. Therefore, not only have
portions of seven uncloned CFSs been identified,
but also our data suggest that many of the genes
within CFSs may be inactivated during ovarian
tumorigenesis and/or cancer development.

MATERIALS AND METHODS

Transcriptional Profiling

For a detailed description of the tumor process-
ing and selection, the RNA isolation and labeling,
the cDNA microarray, and the image analysis and
data recovery, see Shridhar et al. (2001).

Clone Selection

For each of the 10 genes, gene-specific primers
were designed using Oligo 6.4 software (Molecular
Biology Insights, Cascade, CO) and utilized for
polymerase chain reaction (PCR) screening of the
CITB Human BAC DNA Library (Release IV;
Research Genetics, Huntsville, AL) (Table 1).
Clones were then obtained from Research Genet-
ics and grown according to the manufacturer’s
specifications. The protocol for the isolation of the
BAC clones is available upon request.

Localization of Clones

Metaphase chromosomes were obtained from
blood cultures established from 1 ml of whole
blood and 9 ml of Chang Media PB (Irvine Scien-
tific, Santa Ana, CA). Cultures were incubated at
37°C in 5% CO, for 72 hr and inoculated with 0.2
mlofa0.2 uM (0.4 uM final concentration) aphidi-
colin (APC) solution approximately 24 hr before
harvest. For those CFSs that were low expressing,
500 pl of 50 mM (2.5 mM final concentration)
caffeine was added to the culture medium 4 hr
prior to harvest, to increase the observed breakage
at those particular loci. Cell harvest and metaphase
preparations were performed using routine cytoge-
netic techniques.

For each BAC clone, 1 g of purified DNA was
labeled with biotin-16-dUTP (Boehringer/Roche,
Indianapolis, IN) by nick translation, precipitated,
and hybridized to the APC-treated metaphase cells
according to the protocol of Verma and Babu
(1995). Probe detection was accomplished using
minor modifications of the manufacturer’s protocol
(Ventana Medical Systems, Tucson, AZ), and the
chromosomes were subsequently counterstained
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TABLE 2. FISH Localization of Downregulated Genes Relative to their Respective Common Fragile Site

Breakage®

LOE cell lines Position relative
Gene Band FS Centromeric ~ Crossing  Telomeric (tumors) to FS
NOEY2 Ip31 FRAIC 12 0 13 100% (100%) Within
RGS4 1q21 FRAIF 20 0 0 85.7% (100%) Off; centromeric
PDGFRA 4ql2 FRA4B 0 | 19 100% (100%) Telomeric end
FST 5ql1 Hecht et al., 1988 19 0 I 57.1% (0%) Centromeric end
IGF2R 6q26 FRAGE 18 0 2 57.1% (100%) Centromeric end
PLG 6q26 FRAGE 16 0 6 0% (0%) Within
SLC22A3 6926 FRAGE —>b b -0 85.7% (100%)  Within
PSAP 10q22 FRATOD i3 0 8 37%(35.7%)  Within
TSGl0/ 1pl5.1 FRAIIC i3 2 5 42.9% (100%)  Within
TPMI 15q22.1 FRAI5A I 2 7 85.7% (100%) Within

*The number and position (centromeric/crossing/telomeric) of observed hybridization signals relative to each particular common fragile site.
PLG and SLC22A3 localize to the same BAC; therefore, the counts for SLC22A3 are identical to that of PLG (Table I).

with 4’-6-diamidino-2-phenylindole (DAPI; Vector
Laboratories, Burlingame, CA). A Zeiss Axioplan 2
fluorescence microscope (Zeiss, Thornwod, NY)
and the IPLab Spectrum P software (Scanalytics
Inc., Fairfax, VA) were used for photomicroscopy.
The cytogenetic location of each individual clone
was established by DAPI banding (Table 2). The
position of the clone relative to the fragile site was
determined from the analysis of a minimum of 20
APC-treated metaphase cells with breakage at that
particular fragile site. A BAC was considered to be
crossing the fragile site if the hybridization signal
was observed on both sides of the breakage, or was
observed proximal to the fragile site (centromeric)
in one metaphase cell and distal (telomeric) to the
fragile site in a different metaphase cell.

Semiquantitative Reverse
Transcription/Polymerase Chain Reaction
(RT-PCR)

Normal ovarian surface epithelial (OSE) cells
were collected following oophorectomy for reasons
unrelated to gynecological malignancy, and were
used as either uncultured brushings or grown as
short-term cultures as described by Kruk et al.
(1990). Only OSE cultures between passages two
and five with epithelial morphology and uniform
cytokeratin staining were utilized. Total RNA was
extracted from normal ovarian epithelial brushings,
short-term cultured normal OSE, seven ovarian tu-
mor-derived cell lines [Mayo cell lines: OV167,
OV177, OV202, OV207, OV266 (Conover et al.,
1998), SKOV3, and OVCARS5], and 14 primary
ovarian tumors (stages 1-4) using Trizol reagent
(GibcoBRL, Rockville, MD) according to the man-
ufacturer’s specifications. Approximately 5 pg of
total RNA from each sample was treated with

RNase-free DNase for 30 min at 37°C, and the
DNase was inactivated by incubation of the reac-
tion for 10 min at 90°C. The DNase-treated RNA
was reverse-transcribed according to the manufac-
turer’s protocol (GibcoBRL).

Unique primers (Table 2) were designed for all 10
genes by use of the Oligo 6.4 software (Molecular
Biology Insights) and used in a multiplex reaction with
GAPDH (5'-ACCACAGTCCATGCCATCAC-3,
5'-TCCACCACCCTGTTGCTTGTA-3'; 450-bp
product), B-tubulin (5'-GCATCAACGTGTAC-
TACAA-3', 5" TACGAGCTGGTGGACTGAGA-
3'; 454-bp product), or B2-microglobulin primers
(5'-AGCTGTGCTCGCGCTACTCTCTC-3', 5'-
GTGTCGGATTGATGAAACCCAGACAC-3';
140-bp product) as an internal control. The PCR
reaction consisted of reverse-transcribed cDNA, 50
mM KCI, 10 mM Tris-HCI (pH 8.3), 1.5 mM
MgCl, 400 uM concentration of forward and re-
verse primers for the specific genes, 50 uM con-
centration of the control primer, and 0.1 U Zayg
polymerase (Promega, Madison, WI). Amplification
conditions were 95°C for 3 min, 28 cycles of 95°C
for 30 sec, 55-67°C for 30 sec, and 72°C for 30 sec,
and a final extension at 72°C for 10 min.

RESULTS

Based on the data provided by Shridhar et al.
(2001), 10 genes were selected from a total of 262
genes that were downregulated by at least twofold
in at least 13 of the 14 primary ovarian tumors
analyzed. Genes were selected if the cytogenetic
location, determined by the UniGene database,
was within a band known to contain a CFS. Addi-
tional criteria included the localization of the gene
to a known region of LOH in one or more tumor
types or a documented loss of gene expression in at
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Figure |. Representative examples of expression profiles obtained
from transcriptional profiling of 14 primary ovarian tumors. The de-
creased expression levels of the tumor compared to levels of normal
ovarian surface epithelial brushings (fold down) are provided for each of
the tumors sampled.

least one type of cancer. Finally, genes were se-
lected based on the ease of scoring breakage at the
CFS of interest. Ease of scoring was evaluated by
whether the possible CFS had a relatively high
frequency of breakage and could be easily dis-
cerned from neighboring CFSs. Using these crite-
ria, we selected 10 genes for FISH and semiquan-
titative RT-PCR analysis: RAS homolog gene
family, member 1 (VOEY2); regulator of G-protein
signaling 4 (RGS4); platelet-derived growth factor
receptor, alpha polypeptide (PDGFRA); follistatin
(FST); mannose 6 phosphate/insulin-like growth
factor receptor II (/GF2ZR); plasminogen (PLG); sol-
ute carrier family 22, member 3 (SLGZ22A3); prosapo-
sin (PSAP); tumor susceptibility gene 101 (Z8G107);
and tropomyosin 1, alpha (7PM7) (Table 1).
Figure 1 shows the expression levels of two of
the 10 genes, NOEYZ and PDGFRA, analyzed in
the ovarian tumors, compared to normal OSE. Ta-
ble 1 lists the Image clone and GenBank accession
numbers, cytogenetic localization, and the CFS(s)
located within that region for each of the 10 genes.
FISH analysis of the 10 genes required the iden-
tification of BAC clones that contained a portion of
the gene to be analyzed. For eight of the 10 genes
(NOEY2, RGS4, PDGFRA, FST, IGFZR, PSAP,

TPM1, and TSGI10I), a gene-specific BAC clone
was identified by screening of the CITB Human
BAC DNA Library (Release IV; Research Genet-
ics) with gene-specific primers (Table 1). By use of
the Sanger Centre database (www.sanger.ac.uk.;
Cambridge, UK), a single BAC clone was identified
as encompassing portions of both the SLC22A3 and
PLG genes (Table 1). Confirmation for the pres-
ence of portions of SLC22A3 and PLG in BACG
81D8 was established by PCR (data not shown).
Therefore, a total of nine BACs were identified and
hybridized to APC-induced metaphase chromo-
somes to determine the position of the genes rel-
ative to their respective CFSs (Table 1, Fig. 2).

For any CFS for which there were CFSs located
in neighboring bands, inverse-DAPI banding was
used to ensure that the breakage was occurring in
the CFS of interest. FISH analysis of the nine
BACs determined that nine of the 10 genes were
localized within CFS regions (Table 2). A gene was
determined to localize within a CFS region if the
BAC, containing portions of that gene, hybridized
proximal to the site of APC-induced decondensa-
tion/breakage in some metaphase cells and distal in
others. RGS4 was the only gene that did not local-
ize to a CFS; RGS4 maps centromeric to FRAIF
(1g21). BACs containing a portion of each of the
remaining nine genes mapped to the following
CFSs: FRA1C (NOEY?), FRA4B (PDGFRA), 5ql1
[a CFS described by Hecht et al. (1988) that was
never given an FRA designation; FS7], FRA6E
(IGF2R, PLG, and SLC22A3), FRA10D (PSAP),
FRA11C (78G101), and FRA15A (TPMI) (Table
2). Table 2 lists the observed counts (centromeric/
crossing/telomeric) for each gene/BAC. Based on
the proportion of hybridization signals observed as
centromeric, crossing, or telomeric to the region of
breakage, the position of the gene relative to its
respective fragile site could be determined (Table
2). Three of the genes (FST, IGF2R, and PDGFRA)
localized to the ends of their respective CFSs,
centromeric for FST and IGFZR and telomeric for
PDGFRA, with counts of 19/0/1, 18/0/2, and 0/1/19,
respectively. The six remaining CFS genes local-
ized within the centers of their respective fragile
sites as they hybridized with approximately equal
frequency proximal and distal to the region of de-
condensation/breakage within each of the respec-
tive sites (Table 2).

To confirm whether the 10 genes were down-
regulated in ovarian cancer, ‘wg analyzed all of the
genes by semiquantitative RT-PCR on cDNAs
generated from tumor-derived cell lines and pri-
mary tumors and tested for decreased expression
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(10q22)
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(15q22.1)

C

Figure 2.

Depiction of FISH clones obtained for PSAP and TPM{ and determined to be crossing FRAIOD and FRAISA, respectively. For each

APC-induced break analyzed, the presence of breakage at 10q22 (FRAI0D) and 15g22.1 (FRAI5A) was initially scored from a DAPI-counterstained
image (A). Breakage was confirmed as mapping to the region of interest by inverted DAPI bands (B). Both centromeric and telomeric hybridization

signals for the FITC-labeled BAC clone are provided (C).

Cell Lines

Primary Tumors

Figure 3. Semiquantitative RT-PCR
analysis for two of the 10 genes (NOEY2
and PDGFRA) selected for analysis in this
study. The expression levels for both
genes were analyzed in short-term cul-
tured normal ovarian surface epithelium

GAPDH

(OSE), seven tumor-derived ovarian cell
lines (OVI166, OVI77, OV202, OV207,
OV266, OVCARS, and SKOV3), and 13
primary ovarian tumors. GAPDH and (32
primers were used as internal controls.
A negative H,O control (—) and a
marker ladder (M) are also provided.

PDGFRA

B2

levels. Inicially, all 10 genes were tested on ¢DNA
obtained from normal OSE brushings. to ensure
that cach gene was expressed in normal OSIE Anal-
vsis of the 10 genes confirmed the expression of
cach in normal OSE (data not shown). Expression
levels for all the genes were then analyzed in 14
primary ovarian tumors (stages 1-4) and seven tu-
mor-derived cell Tines and compared to the expres-
sion level in the shore-term culrure of OSE (Fig.
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. 'Table 2). Unique primers for cach of che 10
eenes were initially used ina multiplex reacoon
with an internal control primer. To ensure that
there was no preferential amplification ot the
control primer in the multiplex reaction, unique
primers for several of the 10 genes were analvzed

27
o

T
i

W

AN

~y

)
d

4

L

ai?

ABLE GO

on the same primary tumor pancl and vyielded

similar resules (data not shown). Representative
examples of the PCR analysis and the observed
cxpression patterns are provided in Figure 3 and
Table 3, respecrtively.

FExpression analysis of the tumor-derived cell
linc and primary tumor pancls determined  that
cight of the 10 genes showed 1O (i.c., decreased
or complcte absence of expression) i at least one
or more of the samples. However, /GFZR and PLG
did not cxhibit LOE in any of the cell lines or
primary tumors analyvzed. Of the eighe genes with
1LLOLE, five (NOIYZ2, RGSY, PDGERA, SLO22A3,
and 78G701) showed decreased expression, and in
some cases complete absence of expression, in the
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TABLE 3. Loss of Expression Analysis in Tumor-Derived Cell Lines and Primary Tumors

Cell lines/tumors NOEY2 RGS4 PDGFRA FST IGF2R PLG SLC22A3 PSAP TPMI TSG101
OSE L ] ® L [ ] ® ® ® ® ®
ovie7 o° O @ ¢ ® ® @ @ ® ®
ov177 @ o @ o ® ] @ ® [ ] @
OVv202 @ O ® O ® ] @ @ ® @
oVv207 @ 2 @ (@] [ ] (] @ ] ® @
OV266 @ @ @ @] @ ] @ [ ] O 2
OVCARS @) L @ O ® ® [ ] @ O 2
SKOV3 O O @ ° ® ] @ ® O 2
% downregulated 100.0 85.7 85.7 57.1 0.0 0.0 85.7 42.9 429 85.7
344 @ 7 @ ® ® ® @ ] O 2
526 O @ @ L ® ] @ ® O O
401 O @ 2 L ® [ ] @ ® O @
431 @ @ [ ] ® ] e @ ® O @
323 ©] @ @ ] ® e N/A ] O @
461 O @ @ ® [ ] ® @) L O O
485 @ @ @ ® [ ] L o N/A @ @
426 @) @ @ ® ] o @ [ ] 0] O
719 @] O @ ® ® ® O @ o @
6 2 2 @ e e ] @) @ O @
632 O @ @ ® [ ] ® O N/A O @
396 @ @ @ L [ ] [ ] @ @ O @
209 ®) @ @ ® ® ] @ [ ] O @
107 @ @ @ ] ] ] O @ @] @
% downregulated 100.0 100.0 929 0.0 0.0 0.0 100.0 333 100.0 100.0

*Normal expression.
PReduced expression.
‘Complete absence of expression.

majority (=85.7%) of the cell lines and primary
tumors analyzed (Fig. 3).

RT-PCR analysis of the cell lines determined
that the remaining three genes showed LOE in at
least one of the cell lines. The numbers of cell lines
exhibiting LOE were three (42.9%) for PSAP and
TPM1I and four (57.1%) for FST (Fig. 3, Table 3).
Semiquantitative RT-PCR analysis of the primary
ovarian tumors determined that only PSAP and
TPM1 showed LOE in one or more of the tumors
sampled; FST did not exhibit any LOE in any of
the 14 tumors. The number of tumors that had
LOE were three (33.3%) for PSAP and 14 (100%)
for TPM1 (Table 3).

To determine whether the five previously iden-
tified CFS genes (FHIT, CAVI, CAVZ2, TESTIN,
and WWOX) also showed LOE in our panel of cell
lines and primary tumors, we designed unique
primers for each gene and used them in semiquan-
titative RT-PCR analysis. FHIT, CAV1, CAV2, and
WWOX each showed LOE in at least one of the cell
lines tested, whereas TESTIN showed normal ex-
pression levels compared to that of short-term cul-
ture OSE (Fig. 4). When analyzed on the primary
tumor panel, all five genes exhibited downregula-

tion (Fig. 4). The percentage of tumors exhibiting
LOE ranged from 21.4% (TESTIN) to 78.6%
(FHIT) (Fig. 4).

DISCUSSION

There are considerable data suggestive of a
causal relationship between CFSs and cancer; how-
ever, the evidence is limited to data obtained from
only five CFSs (FRA3B, FRA7G, FRATH,
FRA16D, and FRAXB). The cloning and charac-
terization of these five CFSs and the genes local-
izing within them, however, have generated signif-
icant interest in the potential role of CFSs in
tumorigenesis and/or cancer progression. One such
observation is that several of the genes localizing
within the cloned CFSs (FHIT, CAVI, TESTIN,
and WWOX) exhibit LOE in a variety of different
tumor types (Lee et al., 1998; Smith et al., 1998;
Tatarelli et al., 2000; Paige et al., 2001). Based on
this observation, we selected 10 genes, determined
by transcription profiling to be downregulated in
primary ovarian tumors and localizing to chromo-
somal bands containing a CFS, to determine
whether genes located within CFSs were inacti-
vated during the development of ovarian cancer.
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Figure 4. Semiquantitative RT-
PCR analysis for the five known CFS
genes (FHIT, CAVI, CAV2, TESTIN, and
WWOX). The expression levels for
these genes were analyzed in short-
term culture normal ovarian surface
epithelium (OSE), seven tumor-derived
ovarian cell lines (OVI166, OVI77,
OV202, OV207, OV266, OVCARS, and
SKOV3), and |4 primary ovarian tu-
mors. B2 microglobulin primers were
used as an internal control for each
primer set. A negative H,O control (—)
and a marker ladder (M) are also pro-
vided.

FISH analysis of the 10 genes established that nine
(90%) localized within seven different CFSs (Ta-
ble 2); three of the genes (/GF2R, SLC22A3, and
PLG) were all derived from the same chromosomal
band (6q26) and were determined to map within
the CFS FRAGE. As a result, BACs have been
identified that cross a portion of the previously
uncloned CFSs mapping to 1p31 (FRAI1C), 4q12
(FRA4B), 5ql11 (Hecht et al, 1988), 6q26
(FRAG6E), 10g22 (FRA10D), 11p15.1 (FRA11Q),
and 15q22 (FRA15A). Only RGS4 mapped outside
a CFS region. The complete cloning and charac-
terization of these CFSs, however, will require the
definition of both the centromeric and telomeric
ends for each of these CFSs; this work is ongoing in
our laboratory.

Transcriptional profiling, though considered to
be a powerful technique for identifying aberrantly
regulated genes, can result in the identification of
numerous false positives (Mills et al.,, 2001). To
validate the expression profiles provided by the
microarray analysis, we confirmed the expression
levels for all 10 genes by semiquantitative RT-
PCR analysis of a panel of seven ovarian cancer cell
lines and 14 primary tumors. RT-PCR analysis of
the cell line/tumor panels indicated that seven of
the 10 genes (70%) were downregulated in one or
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more of the cell lines and primary tumors analyzed
(Fig. 3, Table 3). There was no direct correlation
between genes that were downregulated and those
that were localized within CFSs. Three of the
genes that mapped within a CFS (FS7, IGF2R, and
PLG) did not show LOE, and RGS4, the gene
located outside FRA1F, did exhibit LOE in both
the cell line and primary tumor panels (Table 3).
Six of the nine (66.7%) CFS genes, however, ex-
hibited LOE in the primary tumors analyzed,
therefore suggesting that several CFS genes are
inactivated in ovarian cancer.

LOE analysis of the five known CFS genes
(FHIT, CAV1, CAV2, WWOX, and TESTIN) has
indicated that FHIT, CAV1, and WWOX are down-
regulated in ovarian tumors (Mandai et al., 1998;
Manning et al., 1999; Bagnoli et al., 2000; Paige et
al., 2001). Expression analysis on primary ovarian
tumors was not previously performed for either
CAV2 or TESTIN. We therefore analyzed the ex-
pression levels for FHIT, CAV1, CAVZ, WWOX, and
TESTIN on the ovarian cell line and primary tumor
panels (Fig. 4). All five genes were identified as
being downregulated in at least one of the primary
ovarian tumors analyzed. The percentage of tumors
exhibiting LOE ranged from 21.4% (TESTIN) to
78.6% (FHIT). Therefore, the majority of the 15
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CFS genes (13/15) are downregulated in primary
ovarian tumors, indicating that CFS genes may
play a role in the development and/or progression
of ovarian cancer. Additionally, these data provide
further evidence supporting the hypothesis that
CFSs and the genes contained within them are
causally related to cancer.

The data provided in this study also suggest that
genes mapping within the same CFS may exhibit
different expression patterns depending on the tu-
mor type. Previous expression analyses of CAV/
and CAVZ in lung carcinoma identified an inverse
correlation in expression patterns (Racine et al,,
1999). CAVI was determined to be downregulated
in all of the lung cancer cell lines analyzed, but
CAV2 had expression levels similar to those of nor-
mal bronchial epithelial cells (Racine et al., 1999);
TESTIN expression levels have not been examined
in lung carcinoma. In this study, all three genes
(CAV1, CAV2, and TESTIN) exhibited LOE in the
primary ovarian tumors, 28.6, 57.1, and 21.4%, re-
spectively (Fig. 4). These data indicate that the
expression levels for CFS genes may be dependent
on the tumor type. This is further supported by the
observation that the three FRA6E genes /GFZR,
SLC22A3, and PLG also exhibited alternative ex-
pression patterns. Although SLC22A3 was validated
as exhibiting LOE in ovarian tumors, the expres-
sion levels for IGFZ2R and PLG were normal com-
pared to that of normal OSE. The expression levels
for IGF2R, PLG, and SLC22A3 have not been com-
parcd in any other tumor types. Nevertheless, if
the instability within the CFSs were solely respon-
sible for gene inactivation, LOE would be ex-
pected for all the genes within the region. There-
fore, these data would suggest that, although the
genes are located within the same CFS region,
there might be a selection pressure for the loss of
specific genes, but not of others.

Additionally, the data provided in this study in-
dicate that a number of currently recognized tu-
mor-suppressor genes not only map within CFS
regions but also may play a role in the development
and/or progression of ovarian cancer. Three of the
nine genes identified in this study as localizing
within CFSs (NVOEYZ2, IGF2R, and T8G101) have
already been determined to be putative tumor-
suppressor genes (De Souza et al., 1995; Li et al.,
1997; Sun et al., 1997; Oates et al., 1998; Yu et al.,
1999; Kong et al., 2000; Luo et al., 2001). LOE has
been documented for NOEY? in breast and ovarian
carcinomas (Yu et al., 1999) and IGF2R in breast,
hepatocellular, and lung carcinomas (De Souza et
al., 1995; Oates et al., 1998; Kong et al., 2000). In

the case of 78§G101, aberrant transcripts have been
identified in both breast and prostate cancer (Li et
al., 1997; Sun et al.,, 1997). The identification of
these genes as downregulated in primary ovarian
tumors by transcriptional profiling suggests that
some of these genes may be functioning as tumor
suppressors, as has already been demonstrated for
FHIT (Ohta et al., 1996; Siprashvili et al., 1997).
Localization of NOEY2, IGFZR, and T8GI101
to CFSs, in addition to the previously localized
candidate tumor-suppressor genes FHIT, CAVI,
WWOX, and TESTIN (Ohta et al., 1996; Siprashvili
et al., 1997; Tatarelli et al., 2000; Liu et al., 2001;
Paige et al.,, 2001), also suggests that CFSs may
preferentially harbor tumor-suppressor genes.
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Cloning and characterization of the common fragile site FRA6F harboring
a replicative senescence gene and frequently deleted in human tumors
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The common fragile site FRAGF, located at 6q21, is an
extended region of about 1200 kb, with two hot spots of
breakage each spanning about 200 kb. Transcription
mapping of the FRAGF region identified 19 known genes,
10 within the FRAGF interval and nine in a proximal or
distal position. The nucleotide sequence of FRAGF is rich
in repetitive elements (LINE1 and LINE2, Alu, MIR,
MER and endogenous retroviral sequences) as well as in
matrix attachment regions (MARs), and shows several
DNA segments with increased helix flexibility. We found
that tight clusters of stem-loop structures were localized
exclusively in the two regions with greater frequency of
breakage. Chromosomal instability at FRAGF probably
depends on a complex interaction of different factors,
involving regions of greater DNA flexibility and MARs.
We propose an additional mechanism of fragility at
FRAGF, based on stem-loop structures which may cause
delay or arrest in DNA replication. A senescence gene
likely maps within FRAGF, as suggested by detection of
deletion and translocation breakpoints involving this
fragile site in immortal human-mouse cell hybrids and in
SV40-immortalized human fibroblasts containing a human
chromosome 6 deleted at q21. Deletion breakpoints within
FRAGF are common in several types of human leukemias
and solid tumors, suggesting the presence of a tumor
suppressor gene in the region. Moreover, a gene associated
to hereditary schizophrenia maps within FRAGF. There-
fore, FRA6F may represent a landmark for the
identification and cloning of genes involved in senescence,
leukemia, cancer and schizophrenia.
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Introduction

Gaps, breaks and other chromosome aberrations are
induced in cells cultured under specific conditions,
generally in the presence of drugs inhibiting or delaying
DNA replication. Regions that show a statistically
significant increase in the frequency of such abnorm-
alities, above that occurring by chance throughout the
human genome, are defined as fragile sites (Sutherland
et al., 1998). In recent years, fragile sites have raised
considerable interest, because they appear to partici-
pate in chromosomal rearrangements involved in
cancer, leukemia, mental retardation and aging (Le
Beau and Rowley, 1984; Yunis and Soreng, 1984,
Smith et al., 1998; Sutherland et al., 1998).

Fragile sites are classified into two categories, rare
and common or constitutive, depending on the
frequency observed in the population and on the
culture conditions inducing their expression (Smith ez
al., 1998; Sutherland et al., 1998). The 89 common
fragile sites are expressed constitutively in all indivi-
duals, although the level of expression can vary from 1
to 70% of metaphases for different fragile sites.
Variations in expression may also be observed in
different individuals for the same fragile site. Most
common fragile sites (84 out of 89) are induced by
aphidicolin, a drug which inhibits DNA polymerases «
and &, but other common fragile sites are induced by 5-
azacytidine or bromo-deoxyuridine (Glover et al., 1984;
Smith et al., 1998; Sutherland et al., 1998).

The structure and molecular features of common
fragile sites are not well characterized. However,
those which have been better defined or cloned, such
as FRA3B at 3pl4.2, FRA7G at 7q31.2, FRA7H at
7q32.3, FRAI6D at 16q23.2 and FRAXB at Xp22.1,
share some characteristics. Constitutive fragile sites
are generally rich in repetitive sequences (LINE, Alu,
MER). They may also contain small polydispersed
circular DNA sequences, endogenous retroviral
sequences and integration sites for plasmids or for
DNA tumor viruses such as HPVI16 and SV40
(Rassool et al., 1996; Wilke et al., 1996; Boldog et
al., 1997; Inoue et al, 1997, Huang et al., 1998b;
Huebner et al., 1998; Mishmar et al., 1998; Mimori
et al, 1999). Studies carried out on fragile sites




FRA3B (Mimori et al., 1999) and FRA7H (Mishmar
et al., 1998) have shown coincidental regions of
greater DNA flexibility and lower DNA stability
within the fragile sites compared to genomic regions
not harboring sites of fragility. Areas of high
flexibility and low stability colocalized with clusters
of DNA sequences with non-B and triple-helix
conformation (Mishmar et al, 1998) which are
known to inhibit DNA replication and enhance
homologous recombination. Finally, all the common
fragile sites are regions of late DNA replication, and
this delay in replication is enhanced by aphidicolin
(Le Beau et al., 1998; Wang et al., 1999; Hellman et
al., 2000). It has been suggested that late-replicated
DNA regions would affect locally the chromatin
structure, leading to the unstable and recombinogenic
properties of fragile sites (Smith er al., 1998; Suther-
land et al., 1998; Wang er al,, 1999). Indeed, since
DNA replication must be completed before the
initiation of mitosis, delayed replication may cause
the incomplete packaging and collapse of the
chromosome structure during metaphase, resulting in
expression of fragile sites (Simonic and Gericke,
1996). In spite of this knowledge on the character-
istics of common fragile sites, a molecular basis and
a clear explanation for the mechanisms of their
fragility are still lacking. Hence, the need to clone
further fragile sites in order to clarify what DNA
sequence elements and molecular organization give
rise to such regions in the human genome.
Common fragile sites seem to play a functional role
and to be involved in cancer. In fact, cancer associated
deletions and translocations often affect chromosome
regions containing fragile sites. Recently, it was shown
that expression of fragile sites triggers intrachromoso-
mal gene amplification (Coquelle et al., 1997). Through
these chromosomal aberrations, fragile sites may play a
role both in loss of tumor suppressor genes and in
amplification of oncogenes. These hypotheses have
recently gained more credit by the observation that
FRA3B, the most frequently expressed human common
fragile site, maps within the sequence of the tumor
suppressor gene FHIT at 3pl14.2. The FHIT gene has
abnormal transcripts in colorectal, lung and breast
carcinomas as well as in other human tumors, resulting
primarily from deletions generated by recombination
between or within LINE sequences in the region of
FRA3B (Huebner et al., 1998). The common fragile site
FRA7G maps at 7q31.2, in a region of frequent loss of
heterozygositey (LOH) in breast and prostate cancer
(Huang et al., 1998a). A detailed LOH analysis in
ovarian cancer showed the highest frequency of
deletion breakpoints within the sequences of FRA7G
(Huang et al., 1999). Recently, homozygous deletions
have been detected at 16g23.2, within the common
fragile site FRAI6D, in tumor cell lines derived from
colonic, gastric, ovarian and small cell lung carcinoma
(Mangelsdorf et al., 2000; Paige et al., 2000; Ried et al.,
2000; Krummel et al.,, 2000). FRAI6D associated
deletions affect the transcripts of the FOR gene, also
named WWOX (Bednarek et al., 2000, 2001), spanning
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FRAI6D and belonging to the family of oxidoreduc-
tases (Ried et al., 2000).

The process of immortalization of human diploid
fibroblasts by simian virus 40 (SV40) involves non-
random chromosomal aberrations induced by SV40 T
antigen (Ray et al., 1990). Most of the chromosomal
alterations are gaps and breaks identical to those
induced by aphidicolin and may therefore involve
fragile sites. The highest frequency of chromosomal
aberrations in human diploid fibroblasts immortalized
by SV40 is detected in the long arm of chromosome 6
(Hubbard-Smith et al., 1992; Ray and Kraemer, 1992;
Sandhu et al., 1994) which harbors five common fragile
sites. We have mapped a gene inducing replicative
senescence in a 4 Mb region at 6g21, where we have
constructed a complete YAC contig and a partial
BAC/PAC contig (Morelli ez al., 1997a,b). This region
is the most common breakpoint in a panel of
translocation, deletion and radiation monochromo-
some human/mouse cell hybrids containing human
chromosome 6 (Pappas et al., 1995; C Morelli and G
Barbanti-Brodano, unpublished). In preliminary fluor-
escence in situ hybridization (FISH) experiments with
YACs of the 4 Mb contig, we detected breaks at 6q21
in metaphases of aphidicolin-treated human lympho-
cytes, suggesting that the common fragile site FRAGF,
cytogenetically mapped at 621 (Smith et al., 1998), lies
within the region harboring the senescence gene. We
therefore decided to finely map and clone FRAGF as a
possible landmark of the gene at 6g21 inducing
replicative senescence.

Results

Localization of FRA6F

A senescence gene was mapped at chromosome region
6q21 by chromosome transfer experiments. Introduc-
tion of an intact human chromosome 6 into
immortalized mouse cells by microcell fusion induced
senescence in most recipient cells. The few clones that
grew up and maintained the immortalized phenotype
of the original cell line invariably showed a common
region of deletion involving chromosome bands 6q21-
q22 (Gualandi et al., 1994). Subsequently, the region
containing the senescence gene was restricted to 4 Mb
by molecular analysis and localized between markers
D6S1499 and D6S266 at chromosome region 6q21
(Morelli er al., 1997a,b). During our studies on the
senescence gene, we characterized several translocation,
deletion and radiation monochromosomic human-
mouse somatic cell hybrids containing a rearranged
chromosome 6 or portions of the chromosome (Pappas
et al., 1995; Morelli et al.,, 1997a; Karayianni et al.,
1999). The majority of the hybrids show breakpoints
within the 4 Mb region containing the senescence gene.
Since fragile sites are regions particularly prone to
breaking and the 4 Mb region at 6q21 is frequently
deleted in immortalized cells (Ray and Kraemer, 1992;
Morelli et al, 1997b), it is possible that FRAGF,
cytogenetically mapped at 6q21, lies within the
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senescence gene region. We therefore used three YAC
clones, belonging to the contig covering the 4 Mb
portion of the 6921 region (Morelli er al., 1997b), in
FISH experiments on aphidicolin-treated human
lymphocyte metaphases to assess whether FRAGF is
located in the senescence gene region. We chose YAC
clones 852d6, 933c4 and 856g2 because they are not
chimeric and cover the whole 4 Mb region (Morelli et
al., 1997b). Since FRAGF is expressed at low frequency
(1-2%) on human chromosome 6, the location of the
signal relative to the position of the fragile site
(proximal, crossing or distal) was scored on 15
metaphases expressing FRAGF, corresponding to a
total of 800 metaphases, for each probe. YAC clones
852d6 and 933c4 show proximal, crossing and distal
signals relative to the fragile site, whereas YAC clone
856g2 gives only distal and a single crossing signal
(Table 1 and Figure 1). The ratio of the number of
distal plus crossing over proximal plus crossing signals
(D+C/P+C) is also reported in Table 1. This value
indicates that YAC clones 852d6 and 933c4, despite
giving proximal, crossing and distal signals, do not
contain the whole fragile site, since the D+C/P+C
ratio is 0.5 and 1.7 respectively instead of 1. From
these data we argue that FRAGF may extend
proximally in a region larger than the overlapping
region of the 852d6 and 933c4 YAC clones.

Characterization of FRA6F

In order to address this question and to precisely define
FRAGF, we assembled a contig of 14 PAC clones
covering the whole region from marker CMFE7 to
marker D6S1066 and extending centromerically beyond
the overlapping region of YAC clones 852d6 and 933c4
(Figure 1). The continuity of the PAC contig was

Table 1 Localization of FRA6F by FISH analysis

Position of signals relative to the aphidicolin-induced breakpoints at 6q21

Clone® Proximal Crossing Distal  D+C/P+C
Y852d6 9 3 3 0.5
Y933c4 3 4 8 1.71
Y856g2 0 1 14 15
RP3-50514 8 2 1 0.3
RP1-153M21 15 0 7 0.47
RP3-442M11 6 3 2 0.55
RP3-415N13 4 6 2 0.8
RP3-487)7 9 3 7 0.83
RP1-66H14 10 1 8 0.82
RP1-182A16 7 0 10 1.42
RP1-139A3 9 2 8 091
RP1-96N13 8 4 8 1
RP1-97J1 9 3 10 1.08
RP1-276A6 8 2 9 1.1
RP1-142L7 6 2 9 1.37
RP3-403D1 6 2 12 1.75
RP1-166K4 1 2 10 4

2Clones used as probes in FISH experiments. Y before the number of
the clone indicates a YAC clone, whereas PAC clones are indicated
with the denominations given in the library of origin; "Ratio of
distal + crossing (D + C) to proximal+ crossing (P + C) signals relative
to the breakpoints at 6921

Oncogene

assessed by known STS content and by developing new
STSs from PAC end sequences. The correct orientation
of PAC clones in relation to centromere and telomere
was defined in triple color FISH experiments using a
proximal or distal probe as the anchor point. Each
PAC clone was used as a probe in FISH experiments
on aphidicolin-treated metaphases of human lympho-
cytes (Figure 2). At least 11 metaphases expressing
FRAG6F were scored for each probe as previously
described for YAC clones. The number of proximal,
crossing and distal signals was recorded. Based on the
number of crossing signals given by each PAC (Table
1), two hot spots of breaking, measuring each about
200 kb, were detected, one proximal involving PACs
RP3-442M11, RP3-415N13 and RP3-487J7, the other
distal involving PACs RP1-139A3, RP1-96N13, RP1-
9731 and RP1-276A6 (Table 1; Figure 1). The value of
D+ C/P+C ratio was calculated (Table 1), although it
is less significant as compared to the same value
obtained with YAC clones. However, the small size of
PAC probes allowed a more detailed analysis which
detected two regions of breakage.

Transcription map of the FRAGF region

Ten known genes map within the fragile site region. In
a proximal to distal position they are: dji112D6.1,
REV3L (Gibbs et al., 1998; Morelli et al., 1998),
DIF13, C6UAS and C60RF4-6 (Morelli et al., 2000),
FYN (Karayianni et al., 1999), H3F34, FKHRLI
(Hillion et al., 1997), djl42L7.3, LAMA4, (Figure 1).
Furthermore, nine other genes map close to FRAGF, in
a proximal or distal position (Figure 1). Three CpG
islands, indicating the presence of putative new genes
and corresponding to markers D6S1499, D6S302 and
D6S416, were detected within FRAGF.

Sequence analysis of FRAG6F

To analyse the nucleotide sequence of FRA6F, PACs
RP5-1112D6, RP3-442M11, RP3-415N12, RP3-487]7,
RP1-66H14, RP1-139A3, RP1-97J1, RP1-276A6 and
RP1-142L7 were sequenced. These PACs cover essen-
tially all the region of FRAGF in the contig (Figure 1),
since a total of 1100 kb were sequenced. In particular,
the regions corresponding to the two hot spots of
breakage were completely sequenced on PACs RP3-
422M11, RP3-415N12, RP3-487)7, RP1-97J1 and RP1-
276A6 (Figure 1). The nucleotide sequence of the
contig was used to measure the length of FRAGF. By
subtracting the overlapping regions of the clones, the
length of the whole fragile site and of each of the two
hot spots was found to be 1200 and 200 kb,
respectively.

The DNA sequence spanning FRAG6F was analysed
for the type and quantity of DNA repeats (Figure 3),
since DNA repeats have been proposed to have a role
in common fragile site instability (Inoue et al., 1997,
Mimori et al, 1999). Total repetitive elements
represent 35.7% of the entire DNA sequence in
FRAGF, an amount which is not significantly different
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Figure 1 Physical and transcriptional map of the FRAGF region. The physical map and the whole region of breaking are reported
in the top part of the figure with the markers distributed along the region. Dotted lines indicate the two hot-spots of breaking,
revealed by FISH experiments with PAC probes. Thick bold lines represent the YAC clones used for initial FRAGF localization.
PAC clones used in FISH experiments are shown in the figure with plain lines. PAC clones subjected to sequence analysis are in-
dicated with dashed lines. PAC clones marked with both continuous and dashed lines have been used for FISH experiments and
sequence analysis. The transcriptional map of FRA6F is shown in the lower part of the figure with genes distributed in the regions
proximal to, within and distal to FRA6F

Figure 2 Chromosomal localization of FRA6F by FISH analysis.
(a) In this experiment FRAGF was detected on metaphases of
aphidicolin-treated normal human lymphocytes, using PAC
RP1-97J1 (see Figure 1) as the probe. Only one of the two copies
of chromosome 6 shows a break at FRAGF (right green dots).
Due to the rare expression of FRAGF, this was the general pattern
observed in most of the metaphases analysed. (b) The propidium
iodide staining of the same metaphase is shown in black and
white. In a and b arrows indicate the position of FRAGF at 6q21

from a standard region of the genome (37.4%) with a
similar GC content (Genome 1 in Figure 3). Notable

features of FRAG6F were a high content of Alu
sequences in the proximal hot spot and the regions
outside the hot spots and a considerable amount of
DNA transposons of the MER type in the proximal
hot spot (Figure 3). Although LINE (LINE1+-
LINE2) sequences were consistently represented in
the two hot spots and in the other regions of FRAGF,
they were less abundant than in the region of the
genome (Genome 1) with the corresponding GC
content (Figure 3). Twenty-two sequences with the
typical characteristics of matrix attachment regions
(MARs), which have been suggested to participate in
chromosomal instability (Wang ez al., 1997; Mishmar
et al., 1998), were detected in FRAGF (Table 2). While
the average density of MARs in the human genome is
of one every 80-90 kb (Luderus et al., 1992), the
density in FRAGF, corresponding to 22 MARs in
1200 kb, is of one every 54 kb. Moreover, in some
portions of FRA6F MARs were clustered, such as in
PAC RP5-1112D6 (five MARs in 67 kb) or in PAC
RP1-66H14 (four MARs in 57 kb) (Table 2). No
CCG repeats or long AT-rich sequences were detected
in FRAGF.
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Figure 3 DNA repeat composition of FRAGF proximal (prox)
and distal (dist) hot spots of breakage and of the regions outside
(out) the hot spots. The DNA repeat composition of the other
fragile sitts FRA3B, FRAGE, FRA7H, FRAI6D and of three re-
gions of the whole genome with increasing GC content (Genomes
1, 2 and 3) are also shown for comparison. Values of percentage
refer to the percentage of repetitive elements relative to the entire
sequence of FRAGF. Values for FRA3B, FRAGE, FRA7H and
FRAI6D are from Ried er al. (2000), values for Genomes 1, 2
and 3 are from Smit (1996)

Table 2 Analysis for MAR sequences within FRA6F

Clones MAR®  Repeats® ORIP® T/GP? AJT°® TOPOIP'
RP5-1112D6 14.6-149  Alu 27 0 78 5
RP5-1112D6 31.6-32.0 Harlequin 39 1 92 10
RP5-1112D6 418-426  Alu 53 0 108 7
RP5-1112D6 46.5-47.0  Alu 45 0 117 7
RP5-1112D6 81.1-820 MIR 8 0 154 9
RP3-442M11 30.3-31.1  Alu 47 1 112 26
RP3-415N12 36.6-368  Alu 4S8 1 12 10
RP3-487J)7 50.1-50.6 Alu, MIR 56 0 91 7
RP3-487J)7 913-921 LIL,MIR 42 0 62 9
RP3-487]7 114.0-1149 Alu, MLT 23 0 51 8
RPI-66HI4 619-626  Alu 32 0 52 4
RPI-66HI4 96.3-969 Alu, MIR 32 0 37 11
RPI-66H14 1180-1182 Alu 80 54 6
RPI-66H14 1184-118.6 Alu 480 54 6
RPI-139A3 38.1-383  Alu 3 0 67 9
RPI-139A3 714-722 MIR 47 3 103 10
RPI-139A3 171.0-171.9  Alu 53 0 116 34
RP197J1  129.7-1304 Alu 57 0 77 58
RP1-97J1  1553-1560 None 38 0 82 14
RP1-97J1 1768-177.1 MIR 42 1 7 8
RPI-142L7 13.7-141  Alu 67 1 14l 12
RP1-142L7 91.7-924 Al MIR 72 1 15! 14

®Values represent the sequence intervals (kb) where the MAR
elements were detected. PThe analysis was performed within the
MAR element as well as 2 kb upstream and downstream the MAR
sequence. “Number of motifs gATTA, ATTTA, ATTTTA) identifying
the origins of replication. “Number of T- or G-rich sequences.
“Number of A- or T-rich sequences. Topoisomerase II binding and
cleavage sites
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In the FRA6F sequence we detected stem-loop
structures with a stem of 20-50 bp and a loop of
20-200 bp, often aggregated in clusters of more than
80 stem-loops in 2 kb of DNA sequence (Table 3).
Clusters with the highest density were found in the
proximal and distal hot spots of FRAGF (PAC clones
RP3-415N12, RP1-139A3 and RP1-97]1; Figure 1 and
Table 3), whereas the regions outside the hot spots,
(PAC clones RP5-1112D6, RP3-487J7, RP1-66H14 and
RP1-142L7; Figure 1 and Table 3), a genomic region
(9p23) selected at random and other fragile sites, with
the exception of FRAGE, had a much lower density of
stem-loop structures (Table 3). Interestingly, the
genomic region 22q11, frequently involved in chronic
myeloid leukemia translocations, with consequent
truncation of the BCR gene, shows a high density of
stem-loops, similarly to the unstable hot spot regions
of FRAGF (Table 3). Contrary to FRAGF and FRAGE,
in fragile sites FRA3B, FRA7G, FRA7H and FRAI6D
clusters of stem-loops were detected in connection to
the presence of dinucleotide repeats (Table 3).

The analysis of DNA helix flexibility in the FRA6F
sequence was carried out with the bend.it program.
This program measures the flexibility parameter which
is expressed as fluctuation in the twist angle. The
analysis revealed six regions with potential high
flexibility (predicted curvature parameter greater than
14) in the proximal hot spot and five regions in the
distal hot spot of FRA6F. The analysed sequences of
other fragile sites FRA3B (180 kb), FRAGE (330 kb)
and FRAI6D (270 kb) showed 14, 10 and 11 regions of
greater flexibility, while the control genomic DNA
showed no regions of high flexibility (Figure 4). Stem-
loop clusters in FRA6F and FRAGE were located in
regions of greater stability, close to high flexibility sites
of the DNA helix (Figure 4).

Detection of deletion and translocation breakpoints
involving FRAGF in immortal cells, leukemia and cancer

A gene inducing replicative senescence was mapped in
a 4 Mb region at 621 containing FRAGF (Morelli et
al., 1997a,b). Therefore, to assess directly whether
breaks occur at FRAG6F and are involved in the process
of immortalization, we carried out a deletion analysis
by PCR (see Materials and methods) on a series of
immortal cell lines bearing translocation and deletions
involving region 6q21 (Figure 5). In all the eight cell
lines examined (two translocations human-mouse
fusion cell hybrids, one monochromosomic human-
mouse hybrid containing a human chromosome 6, two
SV40-immortalized intraspecific human fibroblast
hybrids carrying an additional exogenous chromosome
6 and three human fibroblast cell lines immortalized by
SV40; see Materials and methods) one breakpoint end
was detected within FRAGF, either in the distal hot
spot, in the region between the two hot spots or in the
telomeric portion of the fragile site (Figures 5 and 6).
These results indicate that FRAGF is a true region of
instability in the human genome and that a senescence
inducing gene likely maps within FRA6F. Moreover,
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Table 3 Distribution of stem-loop structures in FRAGF, other fragile sites and control genomic DNA

FRAGF Other fragile sites Genomic DNA
No. No. No.
stem-loops stem-loops stem-loops
PAC clones  Size® Total® Max® Average kb Fragile sites Size® TotaP Max® Average kb® Regions® Size® Total® Max® Average kb®
RP5-1112D6 135 34 7 40 FRA3Bex4™ 185 41 98 44 9p23 152 20 3 7.6
RP3-415N12 177 153 80 1.1 FRA3in5" 110 38 118 29 22q11 152 378 25 04
RP3-487J7 116 53 5 22 FRA3Bex5™ 207 30 148 6.9
RP1-66H14 156 63 5 2.5 FRA3Bex6™ 246 16 4 154
RP1-139A3 208 246 164 0.8 FRAGE 331 546 184 0.6
RP1-97J1 217 178 114 12 FRA7G 152 46 238 3.5
RP1-142L7 190 36 5 5.3 FRA7H 161 55 11 29
FRAI6D 270 131 428 2.1

®Size (kb) of analysed sequence (see Materials and methods). bAverage number of kb where a stem-loop is detected, obtained by dividing the
size in kb of the region analysed by the total number of stem-loops found in the region. “Genomic regions analysed at random for the presence
of stem-loop structures. 4Total number of stem-loops per analysed sequence. “Highest number of stem-loops clustered within the 2 kb of

maximum stem-loop density for each analysed sequence.

The sequences of FRA3B analysed for the presence of stem-loop structures correspond

to the region of the fragile site encompassing FHIT exons 4, 5 and 6 as well as intron 5. ®Stem-loops are clustered within a dinucleotide repeat

region

Table 4 Deletions within FRA6F in human leukemias

Tumor type Minimal deletion Markers® Reference®

Acute lymphoblsatic leukemia 6q15-q21 M6PI-FYN Menasce et al., 1994
Acute lymphoblastic leukemia 6q21 D6S447-FYN Jackson et al., 1998
Non-Hodgkin’s lymphoma 6q21-q22.1 D6S246-D6S261 Starostik et al., 2000
Breast carcinoma 6q21-923 D6S268-D6S261 Sheng et al., 1996
Breast carcinoma 6q21 D6S1040-D6S262 Utada et al., 2000
Gastric carcinoma 6q16.3-q21 D6S283-D6S302 Queimado et al., 1995
Ovarian carcinoma 6q21-922.3 D6S301-D6S292 Shridhar et al., 1999
Prostate carcinoma 6q14-q21 D6S404 Cooney et al., 1996
Salivary gland carcinoma 6q21-q23.3 D6S262-D6S302 Queimado et al., 1998
Melanoma 6q21-923.3 D6S357 Talwalkar et al., 1998
Melanoma 6q16.3-q21 D6S268-D65292 Miele et al., 2000
Mesothelioma 6q16.3-6q21 D6S301-D6S474 Bell et al., 1997

3Markers are listed in centromeric to telomeric order. At least one breakpoint marker always lies within
FRAGF. ®The complete references are reported in the reference list

deletions involving breaks at FRAGF are detected in
human leukemias and lymphomas, in breast, gastric,
ovarian, prostate and salivary gland carcinoma, in
melanoma and mesothelioma (Table 4).

Discussion

We have cloned and characterized the common fragile
site FRAGF in a 1200 kb region at 6q21. It is notable
that numerous genes map within FRAGF, in contrast to
other fragile sites such as FRA3B and FRAI6D that are
associated each to only one gene, FHIT and FOR
respectively (Huebner ez al., 1998; Ried et al., 2000).
The richness of genes in FRAG6F may be relevant to the
biological consequences of DNA instability at this
fragile site.

Molecular mechanisms of FRAGF instability

Repetitive elements may constitute the molecular basis
of common fragile site expression, as the expansion of
repeat elements is the only known cause for the
instability of rare fragile sites (Sutherland et al,

1998). The DNA, affected at the fragile region by
aphidicolin, carcinogens or other damaging agents,
may break and be repaired during replication. If the
break falls within or close to a LINE repeat, annealing
of the homologous sequences of the repeat element
may generate a stem-loop structure inducing deletion
of a DNA segment, by nonhomologous or unequal
homologous recombination, during the process of
replication/repair in the damaged region (Mimori et
al., 1999). In agreement with this model, association of
LINE] elements and cancer deletion breakpoints was
observed at the proximal end of FRA3B (Inoue et al,,
1997). However, no association was found between
repetitive sequences and aphidicolin-induced or cancer
deletion breakpoints located at the distal end of
FRA3B (Wang et al., 1997) or at FRAI6D (Ried et
al., 2000). A considerable degree of variation in the
type and quantity of repeat DNA sequences was
observed in the three regions of FRAGF. In particular,
LINE! elements were significantly under-represented
when compared with the normal human genome.
Variation in repeat element composition and under-
representation of LINE1 elements was observed also in
FRA16D (Ried et al., 2000). On the whole, these
observations suggest that a specific repeat composition
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Figure 4 Analysis of DNA helix flexibility in the sequence of FRA6F proximal and distal regions of maximum breakage (proximal
hot spot and distal hot spot) as well as in the other fragile sites FRA3B, FRAGE, FRA16D and in a non fragile control region
(20q11) of the genome. The FRA3B sequence analysed for flexibility corresponds to the 180-kb region encompassing FHIT exon
4 (Boldog et al., 1997; Inoue et al., 1997; Mimori et al., 1999). The values of the curvature of the DNA helix are expressed in
the y axis in degrees per helical turn. Values of the curvature above 14 (marked by dots) are considered indicative of high flexibility.
The x axis reports the size (kb) of the region subjected to the flexibility analysis. The arrows indicate the positions where stem-loop

clusters were detected

is unlikely to be related to the mechanism of DNA
instability of fragile sites.

DNA helix flexibility correlated with DNA instabil-
ity at FRA3B and FRAI6D (Mimori et al., 1999; Ried
et al., 2000). Regions of greater DNA helix flexibility
influence protein-DNA interactions (Mishmar e al,,
1998, 1999), and may therefore affect chromatin
structure and condensation, generating DNA instabil-
ity. The high flexibility peaks detected in FRAG6F
proximal and distal hot spots of breakage are therefore
candidate regions for the DNA instability of this
fragile site. Delay in DNA replication plays a crucial
role in DNA instability at fragile sites. Cytogenetic
analysis indicated that aphidicolin-induced breaks at
FRA3B preferentially occurred on the chromosome 3
with a late replicating allele (Wang et al., 1999). In situ
hybridization and FISH analysis showed that the
FRA7H region has a replication delay during S phase
in about 35% of the nuclei. The results of this study
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indicated that replication delay was due to perturba-
tion of replication fork progression (Hellman et al.,
2000). This effect could depend on two peculiar
structures present in FRA6F: MARs and stem-loop
clusters.

Due to the attachment of MARs to the nuclear
matrix, progression of the replication fork through
these DNA elements may be hindered and these
regions may normally replicate late in S phase. They
could replicate even later under aphidicolin treatment
and fail to complete replication by the time chromatin
is packaged into chromosomes. Further replication
delay may derive from the greater density and
aggregation of MARSs in clusters at FRAGF as well as
from generation at MARs of independent loop
domains, due to unwinding of the DNA helix and
continuous base unpairing (Kohwi-Shigematsu and
Kohwi, 1990; Bode et al., 1992). MARs were detected
in FRA3B (Wang et al., 1997) and FRA7H. In FRA7H,
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the sections on Materials and methods and Results for details). FRAGF is depicted with the two hot spots of breakage represented
by dotted lines. Markers below FRAGF were used for the molecular analysis of cell lines by PCR. Solid lines corresponding to the
cell line names indicate the conserved portion of chromosome 6. Markers at breakpoint ends indicate the chromosome 6 region of

break in each cell line

six MARs colocalize in a cluster with a high flexibility
region and an SV40 integration site (Mishmar et al,,
1998), strongly suggesting that they participate in
chromosomal instability at this fragile site. We detected
clusters of stem-loops in FRAGF. Similar multiple
hairpin structures were detected close to the eight
breakpoints at the distal region of breakage in FRA3B,
and in FRAI6D in coincidence with some of the
breakpoint locations in AGS and HCT116 tumor cell
lines (Ried et al., 2000). The expanded trinucleotide
repeats and the AT-rich minisatellite repeats, respon-
sible for the DNA instability at the rare fragile sites
FRAIOB and FRAI6B, are also capable of forming
hairpin structures (Sutherland ez al., 1998). Stem-loop
and hairpin structures are candidates to directly induce
deletions by nonhomologous recombination, according
to a mechanism akin to that proposed for LINEI1
sequences. Moreover, they may generate localized
sequence elements with the properties of DNA
polymerase pause sites, representing areas of the
genome where progression of the DNA polymerase is
hindered or delayed. These sites would play an
important role in inhibiting or delaying DNA replica-
tion. Since clusters of stem-loops were detected in
FRAG6F and FRAGE exclusively at regions of high
stability, adjacent to flexibility zones of the DNA helix,
clustered stem-loops may cooperate with high DNA
flexibility in inducing DNA breaks. It will be
interesting to search for clustered stem-loops in future
cloned fragile sites to confirm if such structures really
represent a common mechanism of fragility.

Involvement of FRAGF in senescence, oncogenesis and
schizophrenia

Convincing data exist linking expression of common
fragile sites to leukemia and cancer. Activation of
common fragile sites by aphidicolin was detected in
lymphocytes from colon, rectum, head and neck cancer
patients and in their first-degree relatives, with a
significant difference compared to lymphocytes of
normal controls (Egeli et al., 2000; Tunca et al.,
2000a,b). Moreover, several tumor suppressor genes
have been cloned from regions containing fragile sites:
FHIT from FRA3B (Huebner et al., 1998), TESTIN
from FRA7G (Tatarelli et al., 2000) and FOR from
FRA16D (Ried et al., 2000). Our study shows that
breaks at FRAGF are involved in cell immortalization
and oncogenesis, suggesting the presence of a senescence
gene and perhaps of a tumor suppressor gene within or
close to this fragile site. Hereditary schizophrenia has
also been associated with fragile sites. Lymphocytes
from schizophrenia patients show activation of a rare
fragile site at 2q11.2 and of a common fragile site at
9q12 with a significant difference compared to lympho-
cytes of normal controls (Chen et al.,, 1998). A gene
involved in hereditary schizophrenia was localized at
6g21. The greatest allele sharing in members of affected
families was defined by marker D6S416 (Cao et al.,
1997) which maps within FRAG6F (Morelli et al.,
1997a,b; Karayianni et al., 1999; Morelli et al., 2000
and this study). Therefore, FRA6F may be a landmark
for the identification and cloning of genes involved in
senescence, leukemia, cancer and schizophrenia.
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Materials and methods

Fluorescent in situ hybridization (FISH)

Whole blood was cultured in the presence of PHA for 72 h,
followed by colcemid treatment (20 min at 37°C) and
standard procedures for harvesting and fixation. For
interphase physical mapping of PAC clones, 2.5 mM of
sodium borate was added to the hypotonic solution. For
fragile site induction, cells were cultured in the presence of
0.4 uM aphidicolin for 24 h before harvesting. After spread-
ing, slides were fixed for 1 h at room temperature in 3:1
methanol : acetic acid solution and then dehydrated in an
ethanol series. Slides were used for hybridization after aging
overnight at 42°C and a 10 min treatment in acetone. YAC
and PAC DNA was used to prepare probes for FISH
analysis. DNA was extracted from broth cultures by standard
techniques. One pug of YAC DNA or 400 ng of PAC DNA
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were labeled by nick-translation with biotin-16-dUTP or 11-
digoxigenin-dUTP. After precipitation in the presence of a
15-fold excess of human Cotl DNA and a 30-fold excess of
sonicated salmon sperm DNA, probes were resuspended in
10 pl of hybridization buffer (50% formamide, 10% dextran
sulfate in 2x SSC). For hybridization, chromosomal DNA
was denatured by placing the slides in 2 x SSC, containing
70% formamide, at 75°C for 5 min. The preparations were
then immediately dehydrated through a cold ethanol series.
Probes were denatured at 75°C for 5 min and preannealed on
slides for 30 min before hybridization. Hybridization was
carried out at 37°C for 72 h for YAC probes and once
overnight for PAC probes. After washing in stringent
conditions (50% formamide in 2xSSC twice at 42°C,
1x SSC twice at 42°C), biotin-labeled probes were visualized
with avidin-FITC or avidin-Texas Red, performing a cycle of
signal amplification with biotinylated anti-avidin antibody.
Digoxigenin-labeled probes were detected using a sheep anti-
digoxigenin antibody, a rabbit-FITC anti-sheep antibody and
goat-FITC anti-rabbit antibody (Southern Biotechnology
Associates, Birmingham, AL, USA). Cell metaphases were
counterstained with propidium iodide or DAPI and observed
with a Zeiss Axioplan microscope equipped with a triple-pass
filter (VYSIS) using the IPLAB Spectrum P software.

Assembly of YAC and PAC contigs and DNA sequence
determination

Direct sequencing of PAC clone ends was performed on 1 ug
of purified PAC DNA with T7 or Spé6 standard primers. PAC
end amplification was carried out by PCR (33 cycles with 30”
at 94°C, 30" at the appropriate annealing temperature and
30” at 72°C) in a 10 pl reaction mixture, using 50 ng of YAC
DNA or 25 ng of PAC DNA. Complete sequence of all PAC
clones in the contig at 6q21 was carried out using established
shotgun methods, available at the Sanger Center (http://
www.sanger.ac.uk/HGP/overview.shtml).

Sequence analysis

Sequence analysis of FRAG6F, other fragile sites and control
genomic DNA was carried out on DNA sequences with the
following GenBank accession numbers. FRA3Bex4:
AF152363; FRA3Bin5: U66722; FRA3Bex5: AF020503;
FRA3Bex6: AF152365, FRAGE: AB016897; FRAGF: RP5-
1112D6: AL080317; RP3-442M11: AL512325; RP3-415N12:
AL136310; RP3-487J7: ALO008730; RP1-66H14: Z97989;
RP1-139A3: AL109916; RPI-97J1: AL158035; RP1-276A6:
ALS512299; RP1-142L7: Z99289; FRA7G: AC002066;
FRA7H: AF017104; FRAI6D: AF217490; region 9p23:
AL135923; region 20q11: AL355392; region 22q11: U07000.
The composition in DNA repeats was analysed using the
RepeatMasker program  (http://repeatmasker.genome.wa-
shington.edu) which compares DNA sequences to a library
of repetitive elements and detects low complexity regions. For
the analysis of DNA helix flexibility, the bendability/
curvature propensity plot were calculated with the bend.it
server (http://www2.icgeb.trieste.it/ ~dna/bend_it.html) using
the DNase I based bendability parameters (Brukner ez al.,
1995) and the consensus bendability scale (Gabrielian and
Pongor, 1996). This server predicts DNA curvature from
DNA sequences. The curvature is calculated as a vector sum
of dinucleotide geometries (roll, tilt and twist angles) using
the BEND algorithm of Godsell and Dickerson, and is
expressed as degrees per helical turn (10.5 degrees/helical
turn=1 degree/base pair). The STEMLOOP program of the
Genetics Computer Group (GCG) at the UK Human Gene




Mapping Project (http://www.hgmp.mrc.ac.uk) was used to
determine the presence and distribution of stem-loop
structures within the sequences analysed. MARs were
identified using the MarFinder program (http://ncgr.org/
MarFinder). This computational approach to find MARs is
based on the simultaneous presence of several motifs
occurring in the neighborhood of MAR sequences. The
density of these motifs in a region of DNA indicates the
presence of a MAR in that region.

Cell lines

The following cell lines, cultured in DMEM/F12 medium
(GIBCO~-BRL) supplemented with 10% fetal calf serum,
were subjected to molecular analysis by PCR to detect
breakpoints within FRAGF: 5184.4 and GM610, two human-
mouse cell fusion hybrids where portions of chromosome 6
are translocated to the X chromosome and to other human
and mouse chromosomes, with breaks at 6q21 (Pappas et al.,
1995); p6.1, a monochromosomic human-mouse somatic cell
hybrid containing, as a sole human genetic complement, a
human chromosome 6 deleted at q16.3-q21 (Morelli et al.,
1997b); XP6+Cl1.11 and XP6+Cl.12, two clones derived
from the SV40-immortalized human fibroblast cell line
XP12ROSV after transfer of an exogenous normal human
chromosome 6 by microcell fusion from the donor cell line
262A1D6; GMO04312, GM04429 (NIGMS Human Genetic
Mutant Cell Repository, Coriell Institute for Medical
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Research, Camden, NJ, USA) and MRCS-SV-TGI
(Huschtscha and Holliday, 1983), derived by immortalization
of human diploid fibroblasts with SV40. The molecular
analysis of cell lines was carried out by PCR with markers
located within FRAG6F. The markers used were D6S1698,
D6S1499, CMFE8, CMFE3, CMFE4, CMFES5, D6S404,
D6S302, A116zg9, D6S418, D6S416, D651259 and D6S1066.
Only polymorphic markers were used to characterize the
human cell lines. XP6+Cl1.11 and XP6+C1.12 cells were
compared in 2 LOH analysis with the donor (262A1D6) and
the recipient (XP12ROSV) cell lines, while GMO4312,
GMO4429 and MRC5-SV-TG1 cells were compared with
the normal parental fibroblast strains (Figure 6).
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Evidence that instability within the FRA3B region extends four megabases
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FRAZ3B is the most frequently expressed common fragile
site localized within human chromosomal band 3p14.2,
which is frequently deleted in many different cancers,
including cervical cancer. Previous reports indicate
aphidicolin-induced FRA3B instability occurs over
~500 kb which is spanned by the 1.5 Mb fragile
histidine triad (FHIT) gene. Recently an HPV16 cervical
tumor integration, 2 Mb centromeric to the published
FRAZ3B region, has been identified. FISH-based analysis
with a BAC spanning the integration has demonstrated
this integration occurs within the FRA3B region of
instability. These data suggest that the unstable FRA3B
region is much larger than previously reported. FISH-
based analysis of aphidicolin-induced metaphase chromo-
somes allowed for a complete characterization of
instability associated with FRA3B. This analysis indi-
cates that fragility extends for 4 Mb. Within this region
are a total of five genes, including FHIT. FRA3B gene
expression analysis on a panel of cervical tumor-derived
cell lines revealed that three of the five genes within
FRA3B were aberrantly regulated. A similar analysis of
genes outside of FRA3B indicated that the surrounding
genes were not aberrantly expressed. These data provide
additional support that regions of instability associated
with CFSs and the genes contained within them, may
play an important role in cancer development.
Oncogene (2002) 21, 8713-8722. doi:10.1038/sj.onc.
1205950

Keywords: common fragile sites; FRA3B; human
papillomavirus; cervical cancer; viral integration

Introduction

The development of cervical cancer is highly associated
with HPV infection (Choo, 1998). HPV sequences have
been identified within more than 95% of analysed
cervical tumors, with high-risk subtypes HPV16 and
HPV18 being the most prevalently recovered sub-types
(Walboomers et al., 1999).
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In premalignant cervical lesions, the HPV genome is
typically maintained in its episomal form. However, in
the majority of invasive cervical carcinomas the HPV
genomic DNA has been integrated into the host cell
genome. Initial analysis involving cervical integration
sites proposed that the integration events occurred
randomly, but later cytogenetic analysis suggested a
correlation between the sites of HPV integration and
chromosomal bands containing common fragile sites
(CFSs; Ref. Popescu et al., 1990). We rescued the sites
of HPV integration from a number of HPV16-positive
cervical tumors and confirmed at the molecular level
that HPV16 preferentially integrates into different CFS
regions in ~50% of cervical tumors analysed (Thor-
land et al., 2000, 2002; Denison et al., submitted).

Fragile sites (FSs) are reproducible, non-random
regions of chromosomal instability that are observed
when cells are cultured under appropriate tissue culture
conditions. FSs are divided into two classifications,
rare fragile sites (RFSs) and common fragile sites
(CFSs). RFSs are defined as sites that are observed in
less than 5% of the population. CFSs appear to be
present in all individuals with varying levels of
expression. Molecular analysis of four CFSs (FRAGE,
FRA7G, FRA7H, and FRAI16D) has revealed that
aphidicolin-induced decondensation/breakage within
these CFSs occurs over broad genomic regions ranging
from 200 kb to greater than 2 Mb (Huang et al., 1998;
Krummel et al., 2000; Mishmar et al., 1998; Tatarelli et
al., 2000). Additionally, CFSs have been demonstrated
to be sites of elevated sister chromatid exchange
(Glover and Stein, 1987), translocations and deletions
in tumors (Boldog et al, 1997; Fang et al., 2001,
Glover et al, 1988; Glover and Stein, 1988),
intrachromosomal gene amplification (Coquelle et al.,
1997), and in vivo tumor-associated viral integration
(Mishmar et al., 1998; Rassool et al., 1991; Thorland et
al,, 2000; Wilke et al, 1996). These observations
suggest that the inherently unstable regions within
CFSs may be predisposed to chromosomal breakage
and rearrangement during cancer development (Popes-
cu et al., 1990).

The most commonly expressed CFS in humans is
FRA3B, cytogenetically located at 3pl14.2 (Smeets et
al., 1986). The region 3p14.2 is deleted in a variety of
histologically different cancers including renal cell
carcinoma, and cancers of the lung, pancreas, and
cervix (Conmnolly et al., 2000; Herzog et al., 2001;
Rabbitts, 1994; Sandberg, 1990; Solomon et al., 1991).
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Previous data mapped a HPV16 viral integration from
a cervical tumor within FRA3B (Wilke er al., 1996).
Both ends of this integration were defined, revealing
the integration is associated with a 96 kb deletion
within intron 4 of the FHIT gene. Recently an
additional HPVI16 cervical integration has been
mapped to the 3pl4.1 region with FISH-based analysis
indicating the position of the integration is contained
within the region of FRA3B fragility (Thorland et al.,
2002). Previous analyses had defined FRA3B as a large
region of genomic instability covering ~ 500 kb
(Paradee et al., 1996; Rassool et al., 1996; Wilke et
al., 1996; Zimonjic et al., 1997). Unfortunately, the
original data describing the instability at FRA3B did
not fully define the boundaries of the fragility, with the
telomeric boundary being defined by a cosmid that
hybridizes centromeric to breakage at FRA3B in 10%
of the metaphases. Similarly, the centromeric boundary
is defined by a cosmid that hybridizes telomeric to
breakage at FRA3B in 8% of the metaphases
(Zimonijic et al., 1997). The new HPV16 integration is
located 2 Mb centromeric to the previously defined
FRAZ3B region of instability therefore this led us to re-
investigate the entire FRA3B region to completely
characterize the ‘center’ as well as the ‘ends’ of the
fragility. FISH and sequence-based analysis reveals
fragility at FRA3B extends over a 4 Mb region
containing five genes. In addition to FHIT, FRA3B
contains protein tyrosine phosphatase receptor, gamma
(PTPRG), HTO02I, calcium dependent activators for
protein secretion (CADPS), spinocerebellar ataxia 7
(SCA7, Table 1). Gene expression analysis using
cervical tumor-derived cell lines reveal that the
majority of the genes in FRA3B are down-regulated
whereas the surrounding genes do not demonstrate
aberrant gene expression. Our data indicate that the
region of genomic instability associated with FRA3B,
is much larger than previously believed. This large
region of defined genomic instability offers a possible
explanation for the frequent deletions and alterations
3pl14.2 in a variety of human cancers.

Results

Cervical tumor HPV 16 integration at 3pl4.2

RS-PCR, was previously employed to identify HPV16
genomic integrations into cervical tumor DNA (Thor-
land et al., 2000, 2002). Initial sequence data revealed
an HPVI16 integration into a specific, non-repetitive
region of the human genome localizing to 3p14.2.

We sought to confirm and further characterize this
new HPVI6 integration relative to the published
FRA3B region. PCR was performed to validate the
HPV16 integration site. A specific PCR primer in the
cellular integration flanking sequence was designed.
PCR amplification on cervical tumor DNA was
performed using the cellular primer and HPV16
RS~PCR primers (Figure la). PCR products of the
expected sizes were obtained for all three of the
HPV16/cellular primer combinations (Figure 1b).

Oncogene

These HPV16/cellular primer combinations did not
amplify from normal human genomic DNA (data not
shown). These data validate the viral integration and
eliminate the possibility of a RS—PCR artifact. RS—
PCR hybrid products were BLASTN searched in the
NCBI non-redundant complete sequences (nr) and
high throughput genomic sequences (htgs) databases
to determine what similarities existed to the HPVI16
and human genomes (Figure la). The BLASTN
searches of the HPV16/human sequence hybrid reveals
that the HPV16 portion of the PCR-rescued DNA
fragment mapped to the HPVI16 regulatory protein
E2, whereas the human genomic portion mapped to
unordered BAC clone RPI11129 K_20 localized to
chromosome 3. Analysis of the integration site
sequence reveals a 15 bp orphan sequence that can
not be aligned with either the HPV16 or the human
genomic sequence and creates a 12 bp direct repeat
(Figure 1a). These results confirm the initial RS—-PCR
results and validate the site of viral integration within
cervical tumor, CC61. FISH analysis on aphidicolin-
trecated metaphase chromosomes further positioned
clone 129_K_20 cytogenetically to 3pl4.2. As the ends
of FRA3B had only been loosely defined, BAC
129 K 20 was used as a FISH-based probe to
determine whether it was within the FRA3B region
of instability.

FISH-based analysis of 50 aphidicolin-induced
metaphase breaks at 3pl4.2 revealed that clone
129_K_20 was contained within FRA3B. This BAC
hybridized proximal to the region of aphidicolin-
induced breakpoints in 42 out of 50 metaphases and
distal in eight out of 50 metaphases (Figure 2; Table 2).
Since FRA3B is cytogenetically localized to 3pl14.2, we
sought to further localize clone 129_K_20 relative to
the published FRA3B site. Using the NCBI, the Santa
Cruz Genome Center, and the San Antonio Genome
Center public databases, we assembled a BAC contig
around the published FRA3B fragile site (Paradee et
al., 1996; Rassool er al., 1996). Unassembled BACs
were aligned with the use of Sequencher 4.1.2 (Figure
3a). This revealed the cervical tumor CC61 integration
to be ~2 Mb centromeric (proximal) to the previously
defined HPV16 integration (Figure 3b). Only one end
of this novel HPV16 integration has been localized at
this time. This end localizes between two known genes,
CADPS and SCA7. Therefore, unlike the previously
identified HPV16 integration into FRA3B, in which a
96 kb intronic deletion between FHIT exons 4 and 5
was identified, it is not known whether this novel
integration is also associated with a deletion or a more
complex rearrangement.

Mapping the complete region of instability within FRA3B

Previous published reports estimated the size of FRA3B
to be ~500 kb and completely contained within the
FHIT locus (Paradee et al., 1996; Rassool et al., 1996).
These previous data did not define the boundaries of
fragility, but instead focused on the ‘active’ region which
contains the previous HPV16 integration, a hereditary
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Table 1 Genes contained within and surrounding common fragile sitt FRA3B (3p14.2)
Genomic Approx. Produce
Gene UniGene Gene definition size® posin’onb RT oligonucleotide primers® size®
ARHGEF3 Hs.6066 Rho guanine nucleotide 120 kb 1.1 Mb GTTCCTAAATCCCACCACC 269
exchange factor 4 TGCTTCTCCAAACCGTTC
APPL Hs.27413  Adaptor protein containing 45 kb 750 kb ATGTGATTCTGTTGGACTG 317
pH domain CCAAGGGGGAATATCTAC
ARF4 Hs.75290  ADP-ribosylation factor 4 20 kb 650 kb TGCTACTTTTTGCAAACAAAC 291
CCAAACCAGTCCCAGATAC
TU3A Hs.8022 16 kb 500 kb CCAGCTCATCAAGAAGAAG 271
GTACAGAAGGGCTGAAGG
FHIT Hs.77252  Fragile histidine triad gene 1.4 Mb  within FRA3B GGCCAACATCTCATCAAG 388
TTTCCTCCTCTGATCTCC
PTPRG Hs.89627  Protein tyrosine phosphatase, 680 kb  within FRA3B CAACTGGAGAATGAAAATG 322
receptor type, G CTAGAGTCTGGCAAAAAAG
- HTO021 Hs.47166 15kb  within FRA3B AAAGATGACTTCCTTGTTTG 321
GCTCTTCCTAAAAGAAACTG
CADPS Hs.151301  Calcium dependent activator 70 kb within FRA3B TACAAGCAATATGGAGCAC 335
. protein for secretion GGTTCATTTTTITGGTTTTAG
/ SCA7 Hs.108447  Spinocerebellar ataxia 7 130 kb within FRA3B  GTCTGTTTTCCCAACCTC 300
GAAAGGTCTACAGTAACG
BAIAPI Hs.169441  Brain-specific angiogenesis 200 kb 500 kb AATTTTAGAGATCAATGGTGAG 319
inhibitor-assoc. protein CACGTAAGCAAGCAAAAG
UBEIC Hs.154320  Ubiquitin-activating 40 kb 750 kb ATTCCCTTGAATAATTACTTG 248
enzyme EIC GTTACCGACTGTAAGTAAAGTG
MITF Hs.166017  Microphthalmai-associated 286 kb 1 Mb GCATCATGCAGACCTAAC 255
transcription factor GTCTCTTCCATGCTCATAC
f-tubulin Hs.336780 Tubulin, beta polypeptide Control gene  GCATCAACGTGTACTACAA 454
TACGAGCTGGTGGACTGAGA
GAPDH Hs.169476  glyceraldehyde-3-phosphate Control gene  ACCACAGTCCATGCCATCAC 450
dehydrogenase TCCACCACCCTGTTGCTTGTA
p2 Hs.75415  Beta-2-microglobulin Control gegne  AGCTGTGCTCGCGCTACTCTCTC 140

GTGTCGGATTGATGAAACCCAGACAC

“Estimated genomic size as determined by sequence alignment and Santa Cruz genomic database. bApproximate gene distance relative to the
proximal or distal ends of FRA3B as determined by sequence alignment and Santa Cruz genomic database. “Semi-quantitative RT-PCR

oligonucleotide primers upper (forward) and lower (reverse) are shown 5’ to 3. dSemi-quantitative RT~PCR product size (bp)

1 ccaccaggtg

51

101
151
201
251
301

351

Figure 1
Uppercase bold letters indicated human genomic sequence corresponding to BAC clone RP11 129_K_20 flanking the site of HPV16
integration. Uppercase italicized letters indicate bases that match neither HPV16 nor 129_K_20 sequences. The gray underlined let-
ters indicate a 12 bp direct repeat at the site of viral integration. (b) Integration verification of the HPV16 integration in CC61. PCR
was performed with three different oligonucleotides derived from HPV16 sequence (Thorland et al., 2000) (Lane 1: HPV16-2929-
24D; Lane 2: HPV16-2964-25D; Lane 3: HPV16-2995-28D) and an oligonucleotide derived from the sequence flanking the site
of HPV16 integration (5~-CTGGGTTTAAGTCCTGATTGCACC) corresponding to BAC 129_K_20. These primer combinations
produce products of 326, 291, and 260 bp, respectively. Forward HPV16 specific (black arrows above sequence) and reverse
3p14.2 specific (black arrow below sequence) primers are indicated. Fifty bp ladder (M) is shown (right)

gtgccaacac

caattgaact
—

aatgaaaagt
accaacagga
atggagacat
atttatatat

TCCCAAACAA

gcaactaaé%
ggacattaca
tgtataaaaa
atgcaataca
tatgttcatg

ATGGTGCAAT

tggctgtatc

.
aaagaataaa

gcattacaag

ttagaaacaa

agacgttagce

aacatggata

atgcattata

aaggaataca

tatataactc

cttgaagtgt

tacagtggaa

caaactggaa

aacataGATA

acaatatagt

atttaactgce

gtgcagtttg

acatatatat

CAAACATAGA

CAGGACTTAA

ACCCAGGTGA

<

TATATTTCTA A

CTCCAAAGCC

RS-PCR sequence results and integration confirmation for tumor CC61. (a) Lowercase letters indicate HPV16 sequence.
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Figure 2 FISH-based analysis depicting aphidicolin-induced breakage at proximal and distal end of FRA3B (3p14.2). Breakage at
3p14.2 (white arrows) was initially identified using a DAPI image (a,d). Inverted DAPI banding confirmed breakage at 3p14.2 (b.e).
Hybridization signal (grcen) of biotin-labeled specific BACs on the same aphidicolin-induced metaphase (c.f). Proximal (a—c¢) and
distal (d,e) arc shown for three BACs spanning the region of fragility. A summary of FISH results are shown in Table 2. BAC
170_K_19 (distal), 129_K_20 (HPV16 integration), 50_F_24 (proximal) are listed (left of panel)
Table 2 FISH analysis for BAC clones spanning the fragile site region oflnstablllty, we chose BACs across the region for
3pl4.2 (FRA3B) FISH analysis on aphidicolin-induced metaphase chro-
Location of fluorescent signal relative to chromosomal mosomes (Figure 3a). Using a single individuals blood
location 3p14.2 culture, 50 metaphase breaks at FRA3B (3p14.2
a P e e , p reaks at (3p14.2) were
Clones # Breaks” _ Proximal (%) _ Crossing (%) Distal (%)~ y,¢ed to define the boundaries of fragility. A minimum of
719_N_22 51 0(0) 0 (0) 51 (100) 20 breaks was counted when both proximal and distal
70_P_20 50 00 2(4) 48 (96) breaks were observed for an individual BAC (Table 2).
53061(_(1)9 g? 3(6) 00 47.(%4) Our data indicates that RP11152_N_21 and
O 2(9.5) 2 (9.5) 17 (81) ‘ : e )
A6 50 32 (64) 7 (14) 11 (22) RPI11 719_N_22 reside _out51de of FRA3B at its pr0x1ma1
137_N_22 20 15 (75) 3(15) 2 (10) and distal ends, respectively. Contig assembly across the
154_D_3 20 13 (65) 2 (10) 5(25) region reveals that FRA3B fragility extends for approxi-
%gg—f(—lgo g(l) };Z gg-)g) 8 ggg g 835‘) mately 4 Mb with the distal end contained within 3p14.2
284 K18 53 47 (88.7) 4(15) 2(37) and the proximal epd extending into 3pl4.1 (Figure 3a).
585_0 21 50 45 (90) 0 (0) 5 (10) One sequence gap is present that could not be closed by
50_F 24 20 18 (90) 0 (0) 2 (10) available sequence from the public databases (Figure 3a,
152 N_21 50 50 (100 0 () 00 double vertical black lines). This gap is located between

*Research Genetics RP-11 BAC clones hybridized to APC treated
metaphase spreads. "Number of APC induced metaphase breaks
analysed for breakage at 3p14.2. The breaks were scored as either
proximal (centromeric), crossing the break, or distal (telomeric)

renal cell carcinoma translocation breakpoint (hRCC
t(3:8) translocation), and aphidicolin induced breakpoint
clusters (Wang et al., 1997; Zimonjic et al., 1997). Since
clone 129_K_20, which is 2 Mb proximal to the previous
HPV16 integration, still localizes within the region of
aphidicolin-induced instability, this suggests - that
instability at FRA3B is significantly larger than
previously published results indicate. To define the entire

Oncogene

FHIT exons 3 and 4.

Individual BAC clones hybridizing with approxi-
mately equal frequency proximally and distally to
decondensation/breakage are observed within the
FHIT locus between RPI11 clones 137 _N_22 and
29 _0O_20 (Figure 3a, Table 2). This localized region is
considered the ‘active’ region, containing the previously
published HPVI16 integration site, the hRCC t(3:8)
translocation, and the aphidicolin breakpoint clusters
(Boldog et al., 1993; Cohen et al., 1979; Wang et al.,
1997; Wilke et al., 1996; Zimonjic et al., 1997) (Figure
3b). Our assembled BAC contig for FRA3B contains
five known genes: SCA7, CADPS, HT021, PTPRG,
and FHIT. The first four genes are completely
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tions of centromere and telomere are shown (bottom). A 100 kb reference size is also provided

contained within the fragile site with SCA7 being on
the very proximal end of FRA3B. Sequence analysis
indicates that the 3’ end of SCA7 is approximately
10 kb from BAC 152 N_21, which is outside the
region of FRA3B fragility (Figure 3a). Only FHIT has
a portion of the gene outside of the fragile site, with
exons 9 and 10 localizing distal to the region of
fragility (Figure 3).

Expression analysis of genes in and surrounding FRA3B

We assessed the expression of all genes within and
surrounding the FRA3B region of instability in nine
tumor-derived cervical cell lines. Previous work has
demonstrated aberrant transcripts and loss of FHIT
expression in cervical cell lines (Connolly et al., 2000;
Greenspan et al., 1997, Hendricks et al,, 1997). In
addition, FHIT and PTPRG, two genes contained within

FRA3B, have been proposed to be tumor suppressor
genes (Cool and Fischer, 1993; Druck et al., 1998).

For this analysis, we performed semi-quantitative RT -
PCR on tumor-derived cervical cell lines using cultured
keratinocytes as our normal control. Oligonucleotide
DNA primers were designed to specifically amplify each
of the five FRA3B genes (Table 1). These primers were
optimized and multiplex RT-PCR was performed with
either GAPDH primers or S-tubulin primers as controls.
CADPS was not expressed in normal keratinocytes and
was not further analysed for expression in the cervical cell
lines. Of the remaining four genes, three (FHIT, PTPRG,
and HTO021) demonstrated aberrant gene expression
(Figure 4). SCA7 was expressed in all cell lines analysed
with intensities similar to normal keratinocytes. FHIT,
however, had a complete loss of detectable expression in
66% (six out of nine) of the cell lines with apparent down
regulation in the remaining three cell lines (Figure 4).
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HTO021 and PTPRG had complete LOE in 44.4% (four
out of nine) and 22.2% (two out of nine), respectively.
PTPRG was up regulated in two of the cell lines (Figure 4,
lanes 7 and 9) and down regulated in an additional two
cell lines (Figure 4, lanes 4 and 5). By comparison, HT021
had down regulation in one cell line (Figure 4, lane 4) and
normal expression in the remaining four cell lines (Figure
4, lanes 6, 9, 10, and 11). These data reveal that three out
of five genes in FRA3B have either complete loss of
expression or aberrant gene expression in the analysed
cervical cell lines.

To determine if only genes contained within FRA3B
demonstrated aberrant gene expression, we also
analysed genes outside the region of fragility (Figure
4, Table 1). Genes outside of FRA3B were chosen at
random for analysis. The genes chosen localized
between 500 kb and 1 Mb proximal or distal to the
BACs, which defined the proximal and distal ends of
the FRA3B region of instability (Table 1). Four distal
(telomeric) genes were analysed, ARHGEF3, APPL,
ARF4, and TU3A (Table 1). TU3A was not expressed
in normal keratinocytes and was not further analysed
for expression in the cervical cell lines. The remaining
three genes (ARHGEF3, APPL, ARF4) all demon-
strated expression levels similar to the normal control
(Figure 4). Only APPL indicated lower expression
levels, but no complete loss in any of the cell lines
analysed (Figure 4). Three proximal (centromeric)
genes were analysed, BAIAPI, UBEIC, and MITF
(Table 1). Two of the three (UBEIC and BAIAPI)
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proximal genes did not demonstrate aberrant gene
expression (Figure 4). MITF was up-regulated in two
of the examined cervical cell lines (Figure 4, lanes 3
and 6), but did not demonstrate loss of expression in
any of the remaining cell lines (Figure 4).

Discussion

The integration of high-risk HPV subtypes is tempo-
rally associated with the development and/or
progression of cervical cancer (Choo, 1998). It remains
to be determined, however, if these integration events
are pivotal in the development of cervical cancer. The
genomic positions of HPV integrations have been of
great interest to determine the significance of the
integration site in cervical cancer development. Initial
cytogenetic studies localized a high percentage of HPV
genomic integrations to bands containing CFSs
(Popescu et al., 1990). We previously demonstrated at
the molecular level that HPV16 integration events
preferentially occur (~ 50% of integrations analysed)
within CFSs (Thorland et al., 2000, 2002). Preferential
viral integration suggests that a unique feature exists
within these unstable regions, but it is not known if
this feature is solely the fragility within CFSs or the
targeting of specific genes. Interestingly, many of the
characterized integration events occurred within or
immediately adjacent to genes proposed to play a role
in cancer development. This not only supports the
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Figure 4 Semi-quantitative RT—PCR for genes in and surrounding FRA3B. Genes analysed along with internal control are indi-
cated (left of panel). The normal control (cultured keratinocytes), tumor-derived cell lines, and negative control (H,0) are shown
(top of panel). Relative gene position is indicated (right of panel). Expected gene product size is described in Table 1. One hun-
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hypothesis that the integration events may be targeting
regions of instability, such as the CFSs, but also
indicates that genes at the site of integration may be
important in the development of cervical cancer.

In this report, we further characterized a previously
defined (Thorland et al, 2002) single HPVI16
integration event that occurred within FRA3B at
3pl4.2. FISH analysis revealed that a BAC clone
which spanned this integration mapped within the
proximal end of FRA3B even though the integration
occurred more than 2 Mb centromeric to the HPV16
integration originally described by Wilke et al., 1996
(Figure 3a). The new HPVI16 integration did not
occur within any known gene or EST, but instead
localizes between the two known genes SCA7 and
CADPS (Figure 3). The other end of this HPV16
integration has not been identified, so it is not known
if this integration is associated with a deletion at
3pl4.2 or a more complex translocation. In addition,
sequence analysis at the HPVI16 integration site
identified a short 15bp sequence that is not
associated with either HPV16 or human sequences
at 3pl14.2 (Figure la). This unknown sequence creates
a 12 bp direct repeat that is located at the junction
between the HPV and human sequences (Figure la).
Orphan sequences such as this have been observed at
the junctions of other HPV integrations (Gallego et
al., 1997). These sequences may be derived from
cellular sequences involved in the integration process
or may be due to illegitimate repair after the
integration event. However, this novel sequence was
not observed in any of the other HPV16 integrations
described by Thorland et al. (2000, 2002).

The identification of this new HPV16 integration led
to the complete characterization of the region of
instability surrounding FRA3B. In the previous
. analysis of FRA3B, a 500 kb cosmid contig around
~ the HPV16 integration described by Wilke et al., 1996
was constructed with cosmids derived from the original
YAC (850A6) that was found to span the hRCC
(Paradee et al.,, 1996; Rassool et al., 1996). These
cosmid clones were used as FISH-based probes to
characterize the FRA3B region and this defined the
‘center’ of FRA3B instability as localizing between
FHIT exons 4 and 5. However, these data did not
define the ‘ends’ or boundaries of fragility in FRA3B.
Based upon the HPVI16 integration which is 2 Mb
centromeric of the ‘center’ of FRA3B, but which still
occurs within the region of instability, we sought to
completely characterize the region of instability at
FRA3B. To define the boundaries of fragility we
assessed 50 metaphase breaks for each BAC clone at
3p14.1-3p14.2, offering a more comprehensive defini-
tion of the ends of FRA3B (Table 2).

In addition to defining the boundaries of fragility,
we also wanted to determine the FRA3B ‘active’ site
and compare this with results with previous reports
(Paradee et al., 1996; Rassool et al., 1996). The ‘active’
site for a CFS can be defined as the region of
instability where breakage, determined by FISH-based
analysis, occurs with a relatively equal frequency both
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proximal and distal to the large insert clone tested. Our
data indicate the FRA3B ‘active’ site remains between
exons 4 and 5 of the FHIT locus, which agrees with
previous reports (Paradee et al., 1996; Rassool et al.,
1996). However, the ‘active’ site is not in the physical
center of the fragile site. The proximal end for FRA3B
extends ~3 Mb beyond the center of instability,
whereas the distal end only extends ~700 kb (Figure
3). Interestingly, the most proximal gene, SCA7,
contains an unstable (CAG) trinucleotide repeat in
the coding sequence. In RFSs a link has been made
between unstable repeats, either trinucleotide (CCG)
repeats or mini-satellite (AT) expansions, and the
mechanism of RFS fragility (Usdin and Woodford,
1995; Verkerk et al., 1991). Although the trinucleotide
expansion in SCA7 patients is different (CAG vs
CCG), both of these expansions result in unusual
structures in vitro that could inhibit replication
machinery (Kang et al., 1995; Parniewski et al., 1999;
Usdin and Woodford, 1995). Since the mechanism for
RFS fragility is not completely understood, but known
to be linked to unstable expansions associated with a
disease-state, it is possible that the variable, unstable
SCA7 CAG repeat found even in normal individuals is
sufficient to affect fragility without having the full
disease state expansion. The presence of SCA7 in
FRA3B is the first unstable trinucleotide repeat that
has been shown to be contained within a CFS and may
offer a potential link between CFSs and RFSs in terms
of their mechanism of fragility.

To determine if any of the five known genes within
FRA3B are targeted for gene inactivation in cervical
cancer, we assessed gene expression in nine tumor-
derived cervical cell lines. Expression analysis revealed
that the very large PTPRG and FHIT genes were
down-regulated or showed LOE in cervical tumor cell
lines. This indicates that there may be a targeting of
the ‘large’ genes in FRA3B, but HT021 (an average-
sized gene covering ~60kb) also had marked
inactivation. The most proximal gene, SCA7, did not
reveal any down regulation (Figure 4). Since this gene
is on the very end proximal of FRA3B, the instability
associated with this site may not have an effect on gene
regulation. In order to confirm that the genes within
FRA3B may be specifically targeted for gene inactiva-
tion in cervical tumor-derived cell lines, we also
assessed the expression of genes outside the region of
FRA3B instability (Figure 4). The surrounding genes
did not indicate loss of expression or down-regulation
(Figure 4). These data support our FISH-based
observations of a 4 Mb region of FRA3B instability
and demonstrates that the genes within the region of
fragility are being targeted for gene inactivation.
Several previous studies, using different tumor types,
have determined that the aberrant and alternative
transcripts associated with FHIT expression are a
complex combination of methylation changes and
genomic deletions (Gonzalez et al., 1998; Huebner et
al., 1998; Tanaka et al., 1998; Vertino et al., 1993;
Zochbauer-Muller et al., 2001). In addition, a recent
publication studied alterations in the FHIT/FRA3B
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region by generating somatic cell hybrid that separated
chromosome 3 homologs from each. The data reveal
multiple different chromosome 3 homologs isolated
from each individual cell line (Corbin ez al., 2002). The
net effect is that the instability within this region
generates a great deal of heterogeneity and complexity.

The data generated in this paper is in complete
agreement with previously published reports character-
izing FRA3B (Kastury et al., 1996; Paradee et al.,
1996). The key distinction is that we have now more
comprehensively analysed clones from this region to
define the ends of decondensation/breakage in the
FRA3B region. It is interesting that the ‘active’ center
of this region is not in the physical center of this fragile
site. The proximal end for FRA3B extends for ~3 Mb
beyond the center of instability, whereas the distal end
extends ~700 kb. FISH and sequence analysis reveals
the region of instability for FRA3B fully extends over
a 4 Mb region containing five genes. Our data indicates
that the regions of genomic instability associated with
CFSs, specifically FRA3B, are much larger than
previously believed. This large region of defined
genomic instability offers an explanation for why
3pl14.2 has been shown to be involved in a variety of
cancers including cervical cancer. The data generated
defining the FRA3B ends will allow for further analysis
of this region of instability.

Materials and methods

Cervical tumor samples, RS— PCR, and HPV16 integration
identification

Cervical tumors, grade 2—4 squamous cell carcinomas, were
obtained from 26 patients. DNA was extracted and HPV
typing was preformed as described in Gostout et al. (1998).
RS~PCR (Sarkar et al., 1993) was performed on samples
using oligonucleotide primers and conditions previously
described (Thorland er al., 2000, 2002).

BAC clone selection and FRA3B contig assembly

Sequenced RS—PCR products were BLASTN searched in
both the National Center for Biotechnology Information
(http://www.ncbi.nlm.nih.gov)  non-redundant  complete
sequences (nr) and high throughput genomic sequences (htgs)
databases to determine what similarities existed to the HPV16
and human genomes. BACs containing the human genomic
sequence were obtained from Research Genetics and
extracted BAC DNA was used as a probe for FISH-based
cytogenetic localization. A BAC contig surrounding the
published FRA3B region was assembled using the NCBI,
the Santa Cruz Genome Center (http://genome.ucsc.edu), and
the San Antonio Genome Center (http://apollo.uthscsa.edu)
public databases. Unassembled BACs were aligned using
Sequencher 4.1.2 (Gene Codes Corp., Ann Arbor, MI, USA).

Cytogenetic localization of clones

Metaphase preparations were obtained from blood cultures
established from 1 ml of peripheral whole blood and 9 ml of
Chang Media PB (Irvine Scientific, Santa Ana, CA, USA).

Oncogene
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Cultures were incubated at 37°C in 5% CO, for 72 h.
Twenty-four hours prior to harvest, the cultures were induced
with 0.4 uMm aphidicolin (Sigma-Aldrich, St. Louis, MO,
USA) solution. Cell harvest and metaphase preparations
followed routine cytogenetic techniques.

For each BAC clone, standard nick translation was used to
incorporate biotin-16-dUTP (Boehringer/Roche, Indianapo-
lis, IN, USA) into 1 ug of purificd BAC DNA followed by
precipitation and hybridization to aphidicolin-treated meta-
phase chromosomes according to the protocol described by
Verma and Babu (1989). Probe detection and amplification
followed the manufacturer’s protocols (Ventana Medical
Systems, Tucson, AZ, USA) with minor modifications.
Chromosomes were counterstained with DAPI. Photomicro-
scopy was performed using a Zeiss Axioplan 2 fluorescence
microscope and Powergene MacProbe software (Applied
Imaging, Santa Clara, CA, USA). The position of each
individual BAC clone relative to FRA3B was determined by
the analysis of aphidicolin-treated metaphases with breakage
at 3pl4.2. A minimum of 50 breaks at 3pl4.2 was used to
define the proximal and distal ends. Breakage at 3p14.2 was
identified by band location as established by DAPI banding.
A clone was determined to be within the fragile site region if
hybridization signal was observed on both sides of
decondensation/breakage or if signal was observed as
occurring proximal (centromeric) in one metaphase and
distal (telomeric) in a separate metaphase.

Cell culture and RNA isolation

Primary keratinocytes were cultured as previously described
and used as a normal control (Poumay and Pittetkow, 1995).
Nine cervical tumor-derived cell lines (HeLa, SW756, MS751,
SiHa, CaSki, HT-3, C-33-A, C-4-I, and ME-180) were
obtained from the American Type Culture Collection. The
cells were maintained at 37°C in 5% CO, in their
recommended media. Total RNA was extracted from normal
cultured keratinocytes and tumor-derived cervical cell lines
using TRIZOL reagent (GibcoBRL, Rockville, MD, USA)
following the manufacturer’s instructions.

Semi-quantitative RT— PCR

For each reverse transcription (RT) reaction, DNA was
eliminated by treating 5 ug of total RNA with RNase-free
DNase I for 15min at 25°C followed by DNase I
inactivation by addition of 2 mm MgCl, and incubation at
65°C for 10 min. DNase-treated RNA RT was performed
using MMLV-RT (GibcoBRL, Rockville, MD, USA).

Gene specific DNA oligonucleotide primers were designed
for the genes contained within and surrounding FRA3B using
Oligo 6.4 software (Molecular Biology Insights, Cascade, CO,
USA) and multiplexed for semi-quantitative RT~PCR with
either f-tubulin, GAPDH, or f2 control primers (Table 1).
Oligonucleotide primers were obtained from Integrated DNA
Technologies (Coralville, IA, USA). The semi-quantitative
RT-PCR reactions (12.5 ul total volume) contained 50 ng of
reverse-transcribed ¢cDNAs, 50 mm KCl, 10 mM Tris-HCI
(pH 8.3), 0.2 mMm dNTPs, 1.5 mM MgCl,, 5 pmol of each
gene specific primer, 0.5 pmol of the control primer and
0.1 U of Taq polymerase (Promega, Madison, WI, USA).
The conditions for amplification were: 98°C for 3 min, then
two cycles of 98°C for 30 s, 55-59°C for 30 s, and 72°C for
30 s, followed by 28 cycles of 94°C for 30 s, 55-59°C for
30 s, and 72°C for 30 s with a final extension of 72°C for
10 min. Samples were analysed by ethidium bromide agarose
gel electrophoresis.



Abbreviations

BAC, bacterial artificial chromosome; CFS, common fragile
site; FISH, fluorescence in situ hybridization; FS, fragile site;
HPV, human papillomavirus; Mb, megabase pairs
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Common fragile sites (CFSs) are regions of profound
genomic instability that have been hypothesized to play a
role in cancer. The major aim of this study was to locate a
fragile region associated with ovarian cancer. Differential
display (DD)-PCR analysis comparing normal ovarian
epithelial cultures and ovarian cancer cell lines identified
pregnancy-associated plasma protein-A (PAPPA) be-
cause of its frequent loss of expression (LOE) in ovarian
cancer cell lines. PAPPA is localized to human chromo-
some 9q32-33.1, a region associated with significant loss
of heterozygosity (LOH) in ovarian tumors (>50%) and
in close proximity to the FRA9E CFS. FISH analysis
determined that PAPPA was contained within the distal
end of FRA9YE. Characterization of FRAIE determined
that aphidicolin-induced instability extended over 9 Mb,
identifying FRAYE as the largest CFS characterized to
date. Comprehensive LOH analysis revealed several
distinct peaks of LOH within FRA9E. Semiquantitative
RT-PCR analysis of 16 genes contained within FRAIE
indicated that genes showing LOE in ovarian tumors
coincided with regions of high LOH. PAPPA displayed
the most significant loss (72%). This study provides
evidence to suggest that instability within FRA9E may
play an important role in the development of ovarian
cancer and lends further support for the hypothesis that
CFSs may be causally related to cancer.

Oncogene (2003) 22, 590-601. doi:10.1038/sj.onc.1206171

Keywords: common fragile sites; FRAIE; chromosomal
deletions; ovarian cancer; PAPPA

Introduction

A chromosomal fragile site is a locus that experiences
nonrandom gaps or breakage when cells are cultured
under appropriate conditions. Fragile sites have been
categorized into two classes, rare and common, based on
their relative frequency of occurrence and further
subcategorized according to the specific chemicals that
induce their expression. Rare fragile sites (RFSs) are
observed in less than 5% of the population and inherited
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Received 9 September 2002; revised 15 October 2002; accepted 22
October 2002

in a Mendelian codominant fashion. In contrast, the
common fragile sites (CFSs) are present in virtually all
individuals. The vast majority of the CFSs (84 of 89) are
induced by aphidicolin (APC), a DNA polymerase %/0
inhibitor.

Most of the molecular information about fragile sites
was obtained from the cloning and characterization of
several RFSs. Each of these has been associated with the
expansion of unstable repeat sequences (Oberle et al..
1991; Verkerk et al., 1991; Knight er al.. 1993; Jones
et al., 1994; Nancarrow ef al., 1994: Ritchie er al., 1994:
Yu et al., 1997; Hewett et al., 1998). For three of the 29
known RFSs, an association between expanded repeat
sequences, chromosomal fragility, and a disease pheno-
type has been established. Trinucleotide repeat expan-
sions at FRAXA (Xq27.3) and FRAXE (Xq28) arc
associated with heritable mental retardation. and similar
expansions at FRAI1B (1123.3) have been implicated
in a predisposition to the chromosomal deletion
disorder, Jacobsen syndrome (Jones et al.. 1995; Suther-
land er al., 1998).

Unlike the RFSs, the biological consequence of
instability within the CFSs is unclear, as is the under-
lying cause of their instability. Yunis and Soreng (1984)
first proposed that CFSs play a causal role in the
oncogenic process. This hypothesis originated from the
observation that structural anomalies documented in
various cancers cytogenetically coincided with the
positions of CFSs. In addition, each of the five cloned
and characterized CFSs, FRA3B (3pl4.2), FRA7G
(7931.2), FRA7H (7q32.3), FRAI6D (16q23.2), and
FRAXB (Xp22.3), has been associated with either
cancer-specific chromosomal rearrangements, a region
of high loss of heterozygosity (LOH) in many cancer
types, sites of viral integration, and or gene(s) showing a
loss of expression (LOE) in one or more tumor types
(Wilke et al., 1996, Huang et al.. 1998a, b; Mishmar
et al., 1998; Smith et al., 1998; Bednarek et al., 2000:
Krummel er al., 2000; Mangelsdorf et al., 2000; Paige
et al., 2000; Arlt et al., 2002). However, there remains no
concrete evidence of a causal relation between the
genomic instability within the CFSs and the develop-
ment and/or progression of cancer.

Today, ovarian cancer comprises approximately 4%
of new cancer cases and 5% of cancer deaths in females.
making it the most common cause of death from



gynecological malignancy (Gabra and Smyth, 1997;
Landis et al., 1998). In the United States, during 2002,
the estimated numbers of new ovarian cancer cases and
deaths are projected to be 23,300 and 13,900, respec-
tively (Jemal et al., 2002). In order to identify genes
important in the development of ovarian cancer, we
performed differential display-PCR (DD-PCR) analysis
of short-term cultured normal ovarian surface epithelial
(OSE) cells versus five low-passage ovarian cancer cell
lines established at the Mayo Clinic, as well as the NIH
ovarian cancer cell line, OVCARS (Hamilton et al.,
1984; Conover et al., 1998). One of the consistently
downregulated genes encodes pregnancy-associated
plasma protein-A (PAPP-A), one of four proteins
originally isolated in 1974 from normal human preg-
nancy serum and more recently described as the IGF-
dependent protease that cleaves insulin-like growth
factor binding protein-4 (IGFBP-4) (Lin et al., 1974;
Lawrence et al., 1999). PAPPA has been localized to
human chromosome 9q32-33, a region associated with a
high frequency of LOH in ovarian tumors, which also
contains the CFS, FRA9E (Glover et al, 1984
Silahtaroglu er al., 1993; Schultz er al., 1995). In
addition, recurrent under-representation of the chromo-
some arm 9q has been documented by comparative
genomic hybridization (CGH) analysis (Sonoda et al.,
1997). We determined that PAPPA was situated within
the distal portion of FRAYE; therefore, we fully
characterized the FRA9E CFS and investigated this
highly unstable chromosomal region for LOH in
ovarian tumors and for LOE of genes mapped within
this CFS, including PAPPA.

Results

Cloning and characterization of FRA9E

DD-PCR was performed on short-term cultures of
normal OSE versus five low-passage, ovarian cancer-
derived cell lines generated at the Mayo Clinic and the
accessible NIH cell line, OVCARS (Hamilton et al.,
1984; Conover et al., 1998). Partial sequence from
PAPPA was recovered from this technique because of
its presence in OSE, but absence from some of the
cancer cell lines. A previous report had mapped PAPPA
to 9q33.1, possibly close to FRAIE (9q32) (Silahtaroglu
et al., 1993). Consequently, we selected two overlapping
BACs, which together contained the entirety of the
PAPPA genomic sequence, and performed fluorescence
in situ hybridization (FISH) on APC-induced chromo-
somes. Analysis of a BAC clone harboring PAPPA
exons 11-22, RPCI-11.1-45A16, on 20 APC-induced
metaphases determined that all 20 signals hybridized
distal to the observed breakage at 9q32, positioning this
BAC clone distal to the FRA9E CFS. However, FISH
analysis of BAC clone RPCI-11.1-58C3, verified to
contain PAPPA exons 1-10, indicated that seven of the
20 signals hybridized proximal and 13 signals hybridized
distal to breakage at 9q32 (Figure 1, Table 1). Therefore,
the 5’ end of PAPPA was found to lie within the distal
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portion of FRAYE. As these two clones are overlapping
and clone 45A16 hybridized completely distal to the site
of breakage, the telomeric end of FRAYE resides within
clone 58C3. BAC clones positioned 1 Mb (RPCI-11.1-
445L.6) and 2 Mb (RPCI-11-46P18) centromeric to 58C3
hybridized both proximal and distal to the aphidicolin-
induced breakage/decondensation at approximately
equal frequencies among the scored metaphases (Figures
1 and 2, and Table 1). Therefore, we continued this
analysis with additional BAC clones further centromeric
to 46P18. BAC clones RPCI-11.2-444K 11, 430K 21, and
406023 all produced signals that were observed equally
proximal and distal to the site of breakage at 9q32, even
though clone 406023 was at least 6 Mb centromeric to
58C3 (Figures 1 and 2, and Table 1). Definition of the
centromeric boundary of FRA9E was determined by
analysis of clone RPCI-11.2-308N19. The hybridization
signal for this clone was observed distal to FRA9E
breakage only twice in 20 metaphases with the remain-
ing 18 signals observed as proximal (Table 1). These
data indicate that the centromeric edge of FRAYE is in
close proximity to 308N19. A total of 11 BAC clones
located in between the proximal and distal boundaries
of FRA9E were examined to ascertain the distribution of
breakage frequency across the region (Figure 2, Table 1).
Interestingly, the majority of these clones hybridized
proximal in approximately half of the metaphases and
distal to the site of breakage in the other half of the
metaphases. As a result of this unusual pattern of
breakage, FRA9E appears to have a broad plateau of
fragility rather than the typical core peak.

As a result of the efforts of the Human Genome
Project, we were able to construct a sequence-based
contig of FRA9E. BACs assigned to the FRA9E region
were obtained from the University of California at
Santa Cruz (UCSC) Human Genome Project Working
Draft (http://genome.ucsc.edu/, Santa Cruz, CA, USA).
Fully and partially sequenced BACs were assembled
using the Sequencher computer program (Version 3.1,
Gene Codes Corp., Ann Arbor, MI, USA). The
sequence alignment was contiguous across the estab-
lished region of fragility with flanking ends, eliminating
gaps present in the UCSC database near D9S1832 and
D9S174/ZFP37. As a result, we are able to estimate that
the distance between the most proximal and most distal
BACs, which define FRA9E, extends approximately
9.8 Mb. In addition, PAPPA was found to encompass
approximately 244 kb of genomic DNA, consisting of 22
€xons.

Considering the exceptionally large size of FRA9E,
determined by the initial analysis of lymphocytes
obtained from a single individual, we chose to analyze
metaphases from two additional individuals using BACs
within the proposed FRAE region. Metaphases from
the first individual were hybridized with BAC clones
272G11, 45E19, and 81L14 (Figure 2). Although the
proximal edge was similar in position, as determined by
hybridization of clone 272G11, the distal end was found
to be closer to clone 45E19 than clone 81L14. Clone
81L14 hybridized distal in all 20 metaphases analyzed in
this individual, whereas clone 45E19, more centromeric
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Representative examples of FISH across the region of FRAIE breakage. Seven BACs across the FRAYE region are shown.

Chromosomes were obtained from separate APC-treated metaphases. Presence of breakage at 9932 was initially identified from a
DAPI image. The inverted DAPI image was used for confirmation of breakage at the 9932 locus. Hybridization signals of the biotin-
labeled BACs, detected by FITC-avidin (green), are shown as occurring both proximal and distal to the breakage at FRAJE. A

summary of FISH results are shown in Table 1

than 81L14, hybridized twice proximal to the observed
breakage with the remaining 18 metaphases showing
distal hybridization. In the second individual, clone
81L14 displayed hybridization proximal (2 times) and
distal (9 times) to breakage, comparable to initial
findings. These results indicate that, in one of three
individuals, the distal edge of fragility is positioned
slightly more centromeric. However, these observations
still confirm a similar size of FRA9E within three
separate individuals, indicating that the unusual dimen-
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sions of this fragile site are not unique to a single
individual.

LOH analysis of primary ovarian tumors

Previous studies have indicated a high frequency of
LOH in ovarian cancer at 9932 based on the analysis of
only a few markers from the region (Schultz et al., 1995).
Owing to the large region of aphidicolin-induced
instability determined by our FISH analysis, we sought




to achieve a more comprehensive LOH analysis of the
region in ovarian cancer. Therefore, 16 microsatellite
markers across FRA9E were selected for LOH analysis
on 21 primary ovarian tumors (serous, stages I-III). Of

Table 1 FISH analysis for BAC clones spanning FRA9E
Clone"  # of breaks”  Proximal (%) Crossing (%) Distal (%)
308N19 21 18 (86) 1 (5) 2 (9)
363D24 16 13 (81) 0(0) 3(19)
272G11 20 17 (85) 0(0) 3 (15)
143P10 20 14 (70) 1(5) 5(25)
406023 20 12 (60) 2 (10) 6 (30)
430K 21 21 9 (43) 3(14) 9 (43)
444K 11 10 5 (50) 0(0) 5 (50)
46P18 20 10 (50) 0 (0) 10 (50)
46E19 15 8 (53) 1(7) 6 (40)
445L6 20 9 (45) 1(5) 10 (50)
81L14 20 7 (35) 0(0) 13 (65)
49C22 20 7 (35) 0 (0) 13 (65)
58C3 20 7 (35) 0(0) 13 (65)
45A16 20 0(0) 0 (0) 20 (100)

“Research Genetics RPCI-11 BAC clones hybridized to APC-treated
metaphases. "Number of APC-induced metaphase breaks observed for
breakage at 9q32. The breakage was scored as proximal (centromeric),
crossing, or distal (telomeric)
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these markers, 14 localized within the fragile region,
while the other two markers, D9S1866 and D9S154,
were positioned beyond the centromeric and telomeric
boundaries of fragility, respectively (Figure 2). Repre-
sentative examples of LOH analysis are shown in
Figure 3. Figure 4 shows the results obtained, with the
percentage of LOH ranging from 14.3 to 69%. Of the 21
samples examined, 17 tumors (81%) displayed LOH at a
minimum of one marker, and the number of markers
exhibiting LOH for any one tumor ranged from one to
14 markers. The marker near PAPPA, D9S177, had the
highest frequency of LOH at 69%. In addition,
prominent peaks of LOH were observed with D9S1832
(52.6%), D9S105 (57%), and DIS1824 (55%). Within
FRA9YE, a distinct depression in LOH frequency was
located in the center of the fragile region at markers
DI9S1856 (15%) and D9S930 (18.8%).

Gene expression analysis across FRA9E

The 9.8 Mb FRAYE region was found to contain a total
of 36 known genes, including PAPPA at the telomeric
end. Since the expression of genes that reside within
CFSs have previously been shown to be reduced or
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Figure 2 Approximately 9.8 Mb sequence-based contig for the FRAIE region. A FRA9E contig defining the proximal (centromeric)
and distal (telomeric) ends is depicted. BACs analysed by FISH in 20 APC-induced metaphases (black boxes; mm) and BACs scored in
less than 20 APC-induced metaphases (gray boxes; « - ) are represented with the final counts indicated below each box as proximal/
crossing/distal. BACs spanning the fragile site (white boxes; =) are also shown. AB020869-AB020878 (represented by long white box)
is a series of Genbank accession numbers for human genomic sequence. All clones are Research Genetics RPCI-11 BACs. The
estimated genomic size of the region is indicated starting at the distal end (PAPPA), based upon the order the fragile site was initially
characterized. The relative positions of genes and microsatellite markers analyzed in this study are provided above the gray line

a DI9S177 b D9S105
0OV136 0OVv143 OV1s0 0OVv136 0OVi46 OVv150
"% e w -
MW 136 143 150 = MW MW 136 146 150 = MW
<« TUBp2 —
< PAPP-A

Figure 3 Representative examples of LOH and corresponding LOE. For both D9S177 (a) and D9S105 (b), one example of intact
alleles without downregulation of nearby gene expression is shown, along with two examples of LOH showing concurrent LOE. Scored
LOH is indicated with arrows
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Figure 4 LOH analysis across the FRA9E region. The upper panel shows a bar graph representation of the frequency of LOH
observed at the 16 microsatellite markers localizing within or near the FRA9E region. The gray bar at the bottom of the graph depicts
the FRA9E region. The relative positions of genes to microsatellite markers are indicated with solid (LOE) or open arrows (no LOE).
The lower panel shows the pattern of LOH for each individual tumor sample. Open circles (O) indicate an uninformative result; gray
circles (Q) indicate retention of heterozygosity; gray circles with a cross () indicate retention of heterozygosity with microsatellite
instability; and solid black circles (®) indicate LOH. The solid bars display the two apparent regions of high LOH within the sample set

absent in tumor samples (Denison et al., 2002), we
sought to investigate the expression pattern of genes
across the FRA9E region. Unique primers were designed
for the majority of the genes within FRA9E to analyze a
panel consisting of short-term cultured, normal ovarian
surface epithelium (OSE), ovarian cancer cell lines, and
primary serous tumors (Table 2). Each gene was initially
checked for expression in normal ovarian epithelial
brushings (data not shown). Of the 22 genes, six were
not expressed in the normal ovary, including DECI,
AMBP, TNFSF8, MUSK, ACTL7A4, and ACTL7B, and
therefore were not examined on the complete panel of
samples. Semiquantitative RT-PCR was performed for
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the remaining set of genes on the entire panel of tumor-
derived cell lines and primary tumors (stages I-1V)
(Figure 5). The optimal control primers that were
included with the PCR reaction for each individual
gene were based on the required PCR conditions for the
combined primers and the relative size of the two,
specific and control, products. Control primers were
designed from the sequences of the glyceraldehyde-3-
phosphate  dehydrogenase (GAPDH), beta-actin
(ACTB), beta-2-tubulin (TUBB2), and beta-2-microglo-
bulin (B2M) genes (Table 2).

PAPPA had the most significant reduction of gene
expression in both the cell lines and primary tumors as
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Table 2 Genes mapping within the FRA9E CFS region

Gene Unigene  Gene definition Genomic size (kb)* Primers® Product size (bp)
KLF4 Hs.356370 Kruppel-like factor 4 3.9 CAGAGGAGCCCAAGCCAAAGAG 174
CACAGCCGTCCCAGTCACAGT
ACTL7B Hs.119287 Actin-like 7B 1.3 GCCACGCATTCACGGACGAC 184
AGCATCTCAGAGCAACGGAAGC
ACTL7A4 Hs.123530 Actin-like 7A 1.4 CAATGCACATCGCCTACCAGTC 695
CCCGTGTTCCTCGTACTCAA
IKBKAP Hs.31323 Inhibitor of « light polypeptide 65.5 GCCCAGCTTAACTTTACCAA 430
gene enhancer in B-cells, CATCTCACTGCCACTCACGACA
kinase complex-associated
protein
CTNNAL Hs.58488 Catenin, alpha-like 1 70.9 AGACGCTACTCCCGCTGGTTT 650
TGGGCTGATTCGCAGTTAGGAT
EHM?2 Hs.267997 EHM2 gene 67.2 GCCTGGACGAGTCATTITC 598
TAGGGCAACAACCATCTCAT
AKAP2  Hs.42322 A kinase (PRKA) anchor protein 2 3922 TAAACGTGGGCCCTTATCTAAA 564
GCTTCCTCTACAGTCGCTTCA
TXN Thioredoxin 12.5 AGTCAAATGCACGCCAACA 207
GCAGATGGCAACTGGTTATGTC
MUSK Hs.156465 Muscle, skeletal, receptor tyrosine 132.1 GGTCATTTACTACGTGCGAGAT 154
kinase CTCACACATGCGTTCCAG
EDG2 Hs.75794 Endothelial differentiation, 163.8 TGGTCATGGTGGCAATCTATGT 750
lysophosphatidic acid G-protein- TCATTTCTTTGTCGCGGTAGG
coupled receptor, 2
GNGI0 Hs.79126 Guanine nucleotide binding protein 10 8.6 CCTGTGGCCTGGTCCTAT 780
CAAAGGCACATCGTCGAAGTAA
RODI Hs.145078 Regulator of differentiation 74.1 AGACTTCACTCGCTTAGACCTT 310
GCCCATGTGGTGTGATAAGAT
ZFP37 Hs. 150406 Zinc-finger protein 37 homolog 14.8 TATACATCAGCGATCCC 602
(mouse) AGAAGCCAACACAGACATTAAG
HPRP4P Hs.374973 Pre-mRNA processing factor 4 16.5 AAACTAAAGCACCCGACGACTT 550
homolog (yeast) GGCCTCTTCCAAGCGTTTCA
ALAD Hs.1227  Aminolevulinate, delta-, dehydratase 5.4 CGGCTACTTCCACCCACTACTT 210
AAGATCAAGACACAGCGTAGGC
POLE3  Hs.108112 Polymerase (DNA directed), epsilon 3 3.1 CGCTCCCGGACGGTGTCAACA 225
(p17 subunit) TTTCTGCTCCCGCCTATATGCT
AMBP Hs.76177 Alpha-1-microglobulin/bikunin 18.1 CCCAAGAAGAGGAAGGATCAGG 450
precursor GCAGACCGGCCAGTTGTC
ATP6VIG1Hs.90336 ATPase, H+ transporting, lysosomal 10 GAAATTGAACAGTACCGCCTGC 205
13kDa, V1 subunit G isoform 1 GGATTTCTGGCCGAATGTCAC
TNFSF8 Hs.1313  Tumor necrosis factor (ligand) 27.6 TGGACAGAAAGGGCATAATGA 240
superfamily, member 8 TGGCCAGAGACAAGAACTTAGA
HXB Hs.289114 Tenascin C (hexabrachion) 97.6 AGGTCTCTCGCCCATCGGAAAG 250
TCTGGCAGGGTGGCGTTCA
DECI Hs.158035 Deleted in esophageal cancer 1 291 AATCCGTTTAGAATCATCTATT 250
AGCACTTCTAGGACGTGGT
PAPPA* Hs.75874 Pregnancy-associated plasma 243 ACAACACAGAGGTCATTGCCAG 290
protein A TGCACTCGGGGTCACAGTTCTCATC
PAPPA® TGGCTAAGGAAGGACAAGAAGTTGT 380
CACAGATGTTTGTATGGGTGTGTAT
ACTB Hs.288061 Actin, beta GCTCCGGCATGTGCAAGG 550
ATGAGGTAGTCAGTCAGGTC
B2M Hs.75415 Beta-2-microglobulin AGCTGTGCTCGCGCTACTCTCTC 140
GTGTCGGATTGATGAAACCCAGACAC
GAPDH  Hs.169476 Glyceraldehyde-3-phosphate ACCACAGTCCATGCCATCAC 450
dehydrogenase TCCACCACCCTGTTGCTTGTA
TUBB2  Hs.251653 Tubulin, beta, 2 ACCACAGTCCATGCCATCAC 454

TCCACCACCCTGTTGCTTGTA

“Estimated genomic size (kb) as determined by UCSC database. *Upper (forward) and lower (reverse) primers are shown 5’ to 3'. “Semiquantitative
RT-PCR oligonucleotide primers. ‘Real-time PCR oligonucleotide primers

72% showed partial or complete LOE (Figure 5).
PAPPA expression was found to be consistently high
in multiple normal ovarian samples, including three
different short-term cultured OSE and two samples of
ovarian epithelial brushings (data not shown). Five
genes located near the middle of the fragile site were

found to be downregulated compared to expression
levels in OSE. The endothelial differentiation gene 2
(EDG2), part of the lysophosphatidic acid receptor
family, exhibited LOE in one of the seven cancer cell
lines (14%) and nine of the 18 primary tumor samples
(50%). The guanine-nucleotide binding protein, gamma
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Figure 5 Semiquantitative RT-PCR analysis of 16 genes mapping to the FRA9E region. Each gene was tested for expression levels in
OSE (N), seven tumor-derived cell lines, and 18 primary ovarian tumors. The internal control (ACTB, GAPDH, B2M, or TUBB2) used
with each specific primer set is indicated. Positive (+) and negative (—) water controls are shown, along with molecular weight ladder
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10 gene (GNG10) demonstrated a considerable decrease
of expression in 57% of cancer cell lines (4/7) and 39%
of primary tumors (7/18). Diminished expression of the
gene encoding for the zinc-finger protein 37, ZFP37, was
detected in three of the cancer cell lines (43%) and nine
of the primary tumor samples (50%). EHM2 that
encodes for a protein involved in cytoskeletal structure,
and HPRP4P, a U4/U6-associated splicing factor gene,
did not show reduction of expression in the cancer cell
lines; however, these did display reduced expression in
33% (6/18) and 17% (3/18) of the primary tumors,
respectively (Figure 5). The remaining 10 genes dis-
played no LOE in either cancer cell lines or primary
tumors: KLF4, IKBKAP, CTNNAL, AKAP2, TXN,
RODI, ALAD, POLE3, ATP6J, and HXB (Figure 5).
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Interestingly, superimposition of the LOH pattern
across the FRA9E region revealed a correlation between
the expression of genes and the observed frequency of
LOH (Figure 4). For example, RODI, the only known
gene analyzed, which lies within the central LOH
depression, had normal levels of expression in both the
cell lines and primary tumors. In addition, the gene with
the highest LOE, PAPPA, coincided with the highest
peak of LOH, at the distal edge of FRA9E. Figure 3
displays representative examples of LOE associated with
LOH. This figure includes examples of allelic loss
consistent with loss of expression for PAPPA and
GNGI0, both of which are genes near the two highest
peaks of LOH. Although not all samples with observed
LOE had associated LOH, any sample with LOH was




found to have decreased expression. Markers D9S1832
and D9S1824, both with a high frequency of LOH, did
not have any known genes nearby that were normally
expressed in the ovarian epithelium to correlate LOE
with the observed LOH from these regions.

Since PAPPA had the most significant LOE within
the FRAYE region, real-time PCR was performed to
quantitatively confirm the results observed with semi-
quantitative  RT-PCR (Figure 6). Real-time PCR
analysis was also performed with the ACTB gene to
control for differences in the amount of RNA in each
sample and for the reverse transcription efficiency. Once
normalized, tumor samples were compared with OSE to
determine the percentage reduction in expression. All of
the ovarian cell lines were downregulated, with averages
ranging from only 0.1% (OVCAR3) to 14.1% (OV202)
of normal OSE expression levels (Figure 6a). In
addition, the expression levels of the primary ovarian
tumor samples were significantly lower than normal
with averages from 0.7% (sample 14) to 15.9% (sample
3) of OSE expression (Figure 6b). Therefore, the
quantitative expression data for PAPPA was consistent
with the results obtained with semiquantitative
RT--PCR.

Discussion

In this study, we sought to identify genes that are
consistently downregulated during the development of

100%
90%
80%
70%
60%
50%
40%
30%

% of Normal OSE expression

Cell Line

100%
90%
80%
70%
60%
50%
40%
30%
20%
10% A

0% +=

% of normal OSE expression o

iH i = 0 & I
4 5 6 7 8 9 1011121314 1516 17 18
Primary Tumor

Figure 6 Real-time PCR analysis of PAPPA expression. Bar
graph representations of average PAPPA expression for each
ovarian cancer cell line (a) and 18 primary ovarian tumors (b). Both
graphs are represented as the percentage of normal OSE expression
after normalization with 4CTB expression level for each sample
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ovarian cancer. DD-PCR was utilized to compare the
expression of genes in short-term cultures of normal
OSE to ovarian cancer cell lines. This analysis revealed
numerous genes that are normally expressed in the
ovarian epithelium, but displayed LOE in ovarian
cancer. One of these genes encodes for PAPP-A, one
of the four proteins originally isolated in 1974 from
normal human pregnancy serum (Lin et al., 1974). Even
though the biological function of PAPP-A was unclear
at that time, particular interest in PAPP-A had been
generated because of its clinical utility as an index of
placental function and a first-trimester screen for
Down’s syndrome (Stabile et «l., 1988; Wald et al.,
1996). Recently, PAPP-A was identified as the IGF-
dependent protease that cleaves the 26 kDa insulin-like
growth factor binding protein-4 (IGFBP-4) into two
proteolytic products (Lawrence et al., 1999). This
protease activity has been detected in medium condi-
tioned by normal human osteoblasts, but not by
transformed osteoblastic cells (Durham ez al., 1995).
In agreement with these findings, Northern blot analysis
has displayed PAPPA expression in normal osteoblasts
with a corresponding lack of expression in several
osteosarcoma cell lines (Lawrence er a/l., 1999). Inter-
estingly, human fibroblasts treated with the phorbol
ester tumor promoter, beta-phorbol 12,13-didecanoate,
or transformed with SV40 large T antigen exhibit
diminished IGFBP-4 protease activity, by induction of
the PAPP-A inhibitor, proMBP (Chen et al., 2002).

PAPPA has previously been localized to human
chromosome 9q32-33, a region associated with a high
frequency of LOH in ovarian tumors (Silahtaroglu et al.,
1993; Schultz ef al., 1995). In addition, the 932 band
contains the FRA9E CFS; hence, we were interested in
the genomic position of PAPPA relative to this region of
instability. FISH was performed on two overlapping
BAC clones, each of which contained a portion of the
244 kb PAPPA gene, to determine their association with
the FRAYE region. The more telomeric BAC clone,
45A16, hybridized distal to FRA9E breakage in each of
the 20 scored metaphases, placing this clone distal to the
FRAYE region. In contrast, the hybridization of the
BAC clone immediately centromeric to 45A16, RPCI-
11.1-58C3, produced a distal signal to the aphidicolin-
induced decondensation/breakage at FRA9E in only 13
of 20 metaphases with proximal signal in the remaining
seven metaphases. Thus, BAC clone 58C3 spans some of
the telomeric portion of this CFS, incorporating
PAPPA within the FRAYE region.

The placement of PAPPA within the telomeric
portion of FRAYE led to the complete characterization
of this unstable genomic region. The centromeric
boundary of FRAYE was defined with BAC clone
RPCI-11.2-308N19, as this clone hybridized proximal
to FRAYE breakage in 18 of 20 examined metaphases. A
total of 11 BAC clones from the region were examined
between RPCI-11.1-45A16 and RPCI-11.2-308N19 with
the majority of these BAC clones hybridizing at
approximately equal frequencies proximal and distal to
the aphidicolin-induced breakage at FRA9E (Table 1).
Sequence-based assembly of the region determined that
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9.8 Mb of genomic sequence is present between 308N19,
near the centromeric boundary of FRA9E, and 45A16,
at the telomeric end of this region (Figure 2). This broad
region of instability was confirmed with aphidicolin-
induced metaphases obtained from three separate
individuals. As a result, this study defines FRA9EL as
the largest described CFS to date.

CFSs, in contrast to the RFSs, have been observed to
span broad genomic regions. FRA3B (3p14.2), the most
active of the CFSs, was originally thought to span a
500 kb region (Paradee et al., 1996; Rassool et al., 1996;
Wilke et al., 1996). However, these original character-
izations of FRA3B solely defined the active center of
instability without full delineation of the boundaries.
Recently, the complete region of instability within the
FRA3B CFS has been documented to extend as much as
4Mb (Becker et al., 2002). Molecular analysis of other
CFSs (FRA7G, FRA7H, FRAI6D, and FRAXB) has
revealed that instability within these CFSs occurs over
genomic regions ranging from 200kb to 2Mb in size
(Huang et al., 1998b; Mishmar et al., 1998; Krummel
et al., 2000; Arlt et al., 2002). As FRAIE is a less active
CFS relative to FRA3B, FRA16D, and FRAXB (Glover
et al., 1984), our observation that instability within
FRA9E comprises more than 9 Mb suggests that there
may not be a relation between the frequency of observed
aphidicolin-induced decondensation/breakage that oc-
curs within any one CFS in vitro and the size of that
unstable region.

The FRA9E CFS was examined to determine the
frequency of LOH across this region in a panel of primary
ovarian tumors. This detailed analysis revealed that there
was frequent LOH across this CFS, with the marker near
PAPPA, D9S177, showing the highest frequency of loss
(69%; Figure 4). In addition, two distinct regions of high
LOH were apparent within FRA9E, emphasized by a
central region of two microsatellite markers (D9S930 and
D9S1856) with negligible LOH (Figure 4). Therefore, in
the midst of this high occurrence of allelic loss in ovarian
cancer, there remains a relatively low frequency of LOH
in the middle of FRA9IE.

There are a total of 36 known genes contained within
the FRA9E region. We examined the expression of 22 of
these genes in brushings from normal ovarian surface
epithelial cells, and found that six genes were not
normally expressed in the ovarian epithelium. The
comparative expression profiles of the remaining 16
genes were varied, as some genes did not demonstrate
altered expression in the ovarian cancer cell lines or
primary tumors (Figure 5). Six genes, including PAPPA,
had frequent LOE in the panel of cell lines and primary
tumors. Interestingly, the genes that displayed the
greatest LOE were derived from regions of high LOH,
whereas one of the genes that did not show a decrease in
expression localized to a region with less LOH. Not all
genes within regions of high LOH displayed LOE, which
emphasizes the complexity of this large region of
genomic instability.

Traditionally, CFSs are characterized by the frequency
that large-insert clones within those regions hybridize
proximal, distal or crossing to aphidicolin-induced
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decondensation/breakage in 20 separate metaphases with
clear, discernible breakage at that CFS. Clones that
always hybridize centromeric to the region of breakage
are considered proximal to that CFS, whereas clones
with solely telomeric hybridization are considered distal
to that CFS. Hybridization of clones both proximal and
distal to CFS breakage at approximately equal frequen-
cies typically defines the active ‘center’ of that CFS
region. Previously characterized CFSs, which include
FRA3B, FRAI6D, FRA7G, FRA7H, and FRAXB, have
all been found to have compact, definitive ‘center’
regions flanked by trailing regions with a propensity
toward proximal or distal hybridization relative to the
breakage. In contrast, our analysis of FRAIE shows a
more extensive region of instability than observed with
any other CFS, with an extremely broad active center or
‘plateau’ extending over 5 Mb of genomic sequence. The
LOH and LOE data for FRA9E suggest that contained
within this large region of instability may be two
subregions of instability with a more stable middle
region. These observations raise the possibility of two or
more CFSs present within this genomic region. With
resolution limitations of the FISH-based assay used to
clone the CFSs, more than one CFS within the same
chromosomal band would be cytogenetically indistin-
guishable from one another. If two or more CFSs were
present within the region, the typical ‘centers’ of active
fragility would effectively merge, creating a ‘plateau’
across the majority of the CFS. Since FISH is currently
the only technique used to characterize a CFS, we are
unable to directly test the possibility of the existence of
more than one CFS within 9q32.

This study represents the first characterization of the
FRAYE region and the first observation of altered
expression of the PAPPA gene in ovarian tumors. Of the
genes analyzed within the FRA9E region, PAPPA had
the most significant loss of gene expression in ovarian
cell lines and primary tumors, with downregulation in
100% of the samples analyzed by quantitative real-time
PCR (Figure 6). Loss of PAPPA, as an IGFBP-4
protease or perhaps as another yet unknown function,
may provide an environment for preferential tumor
growth. Intriguingly, many genes within CFSs have
been associated with decreased expression in various
tumor types (Lee et al., 1998; Smith et al., 1998; Tatarelli
et al., 2000; Paige et al., 2001; Arlt et al., 2002; Denison
et al., 2002). Whether these genes lose expression as a
result of their location within inherently unstable
regions of the genome or because of a selective growth
advantage within cancer cells remains to be determined.
The role of PAPPA in cancer development, along with
several other genes from the FRAYE region, requires
further investigation.

Materials and methods

Primary ovarian tissue and ovarian cell lines

Samples of primary serous ovarian tumors were obtained from
surgical specimens taken at the Mayo Clinic. Material was




promptly snap-frozen and stored at —70°C until the time of
processing. For LOH analysis, three stage-I, one stage-II, and
17 stage-III high-grade ovarian tumors were analysed. For
semiquantitative RT-PCR, six stage-I, six stage-II, four stage-
III, and two stage-IV high-grade ovarian tumors were
examined. All specimens were collected under approval of
the Institutional Review Board.

Normal OSE cells were obtained following oophorectomy
for reasons unrelated to gynecological malignancy, then used
as uncultured brushings or cultured as described (Kruk e al.,
1990). Only short-term OSE cultures with epithelial morphol-
ogy and uniform cytokeratin staining were utilized. OV167,
OV177,0V202, OV207, and OV266 cultures were low-passage
cancer cell lines established at the Mayo Clinic (Conover et al.,
1998). OVCAR-5 was an established NIH cell line (Hamilton
et al., 1984), and SKOV-3 was obtained through American
Type Culture Collection (Manassas, VA, USA). All cells were
maintained according to the providers’ recommendations.

Selection of clones

BAC clones were selected based on their localization to the
9q32 region by The Sanger Center (Cambridge, UK), the
University of California at Santa Cruz (UCSC) Human
Genome Project Working Draft (Santa Cruz, CA, USA), or
by a PCR-based screen of the Research Genetics CITB Human
BAC DNA Library (Release IV) (Huntsville, AL, USA), using
primers designed to amplify STS markers in the region. BAC
DNA was isolated according to the protocol of Kirschner and
Stratakis (1999).

FISH

Lymphocyte cultures were established from 1ml of peripheral
whole blood and 9ml of Chang Media PB (Irvine Scientific,
Santa Ana, CA, USA). Cell cultures were incubated for a total
of 72h at 37°C in 5% CO,. At 24h prior to harvest, APC
solution was added to a final concentration of 0.4 um. Cell
harvest and metaphase preparations followed standard cyto-
genetic techniques.

For localization, 1 ug of BAC DNA was labeled with biotin-
16-dUTP (Roche Applied Science, Indianapolis, IN, USA) by
nick translation, then precipitated and hybridized to APC-
treated metaphase spreads according to the protocol described
by Verma and Babu (1989). The biotin-labeled probe was
detected following minor modifications of the manufacturer’s
protocols (Ventana Medical Systems, Tucson, AZ, USA). The
chromosomes were counterstained with DAPI. Hybridization
signals were observed with a Zeiss Axioplan2 fluorescence
microscope, and the images were digitized using the IPLab
SpectrumP software (Scanalytics Inc., Fairfax, VA, USA). The
position of each clone relative to FRA9E was determined by
analysis of 20 APC-treated metaphases with breakage at 9q32.
Assignment of a BAC clone within the FRA9E fragile site was
determined by hybridization signal observed on both sides of
breakage or by signal observed on the proximal (centromeric)
side of breakage in one metaphase and on the distal (telomeric)
side of breakage in a separate metaphase.

LOH analysis

The percent LOH was determined by analysis of 16 micro-
satellite markers with a minimum of 60% heterozygosity
within the human population. Primers specific for each marker
were tested in matched normal blood and ovarian tumor DNA
obtained from 21 patients (serous, stages I-IIT). DNA was
obtained using standard phenol-chloroform methods. The
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forward primer for each marker was end-radiolabeled with
yP* ATP (10 uCi/ul) using T4 polynucleotide kinase (Invitro-
gen, Carlsbad, CA, USA) according to the manufacturer’s
protocol. PCR was completed in a 12.5pul reaction volume,
containing 50ng of genomic DNA, 10mM Tris-HCI, 50 mm
KCl, 1.5mM MgCl,, 0.3 uM each primer, 200 uM dNTPs, and
0.5 units of Tag DNA polymerase (Promega, Madison, WI,
USA) or AmpliTaq Gold polymerase (Applied Biosystems,
Foster City, CA, USA). After 3 (for Promega Taq) or 10 (for
AmpliTaq) min of initial denaturation at 95°C, amplification
was performed for 30 cycles (95°C for 30s, 50-62°C for 30s,
and 72°C for 30s) with a final extension cycle at 72°C for
10 min. Products were denatured and electrophoresed on 6%
polyacrylamide-sequencing gels containing 8 M urea. Gels were
dried and autoradiographed for 16-24 h. LOH was scored by
allelic imbalance, displayed through more than 50% loss of
intensity of one allele in the tumor sample, in comparison with
the same allele from matched normal tissue.

Semiquantitative RT-PCR

Total RNA was extracted from normal ovarian epithelial
brushings, short-term cultured normal OSE, seven ovarian
tumor-derived cell lines, and 18 primary serous tumors (stages
I-1V) using TRIzol reagent following the manufacturer’s
protocol (Invitrogen, Carlsbad, CA, USA). For each sample,
5ug of total RNA was treated with RNase-free DNase for
30min at 37°C to eliminate genomic DNA contamination,
followed by heat inactivation of the DNase at 65°C. Reverse
transcription of DNase-treated RNA was performed with M-
MLV RT (Invitrogen, Carlsbad, CA, USA) following the
manufacturer’s protocol.

Unique primers were designed for a subset of genes within
the FRAYE region (Table 2) using the Oligo 6.4 software
(Molecular Insights, Cascade, CO, USA), and used in a
multiplex reaction with GAPDH, ACTB, TUBB2, or B2M
control primers (Table 2). RT-PCR was routinely performed
in a 12.5pl reaction volume, containing 10mm Tris-HCI,
50mMm KCl, 1.5mMm MgCl,, 0.4um each primer, 200 um
dNTPs, and 0.5 units of Tag DNA polymerase (Promega,
Madison, WI, USA). After 3min of initial denaturation at
95°C, amplification was performed for 30 cycles (95°C for 30s,
55-60°C for 30s, and 72°C for 30 s) with a final extension cycle
at 72°C for 10 min. Levels of expression were determined by
the ratios of band intensity of the target gene to the control
gene within a single sample, followed by comparison relative to
the normal (OSE) expression level ratio.

Real-time PCR

Unique primers were designed within the 3’ end of PAPPA
using the Oligo 6.4 software (Molecular Insights, Cascade, CO,
USA), and control primers were derived from the ACTB gene
(Table 2). All PCR reactions were performed using a Light-
Cycler instrument (Roche Applied Science, Indianapolis, IN,
USA) in a total volume of 20 ul, containing 20 mm Tris pH 8.4,
50mm KCI, 4mM MgCl,, 0.5 um each primer, 200 uM dNTPs,
0.05% BSA, 0.3X SYBR™ Green I (Molecular Probes, Eugene,
OR, USA), and 0.5 units of Platinum Tag DNA polymerase
(Invitrogen, Carlsbad, CA, USA). The amplification condi-
tions comprised an initial denaturation at 95°C for 1 min and
32 cycles at 95°C for 0s, 63°C for 165, and 72°C for 20s. At
the end of the extension step for every cycle, the fluorescence of
each sample was measured to allow quantification of product.
Following amplification, a melting curve was obtained by
heating at 20°C/s to 95°C, cooling at 20°C/s to 63°C, then
slowly heating at 0.1°C/s to 99°C with fluorescence data
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collection at 0.1°C intervals. Experiments were performed in
triplicate.

Quantitative analysis of the data was determined through
the use of LightCycler analysis software. The SYBR Green
fluorescence signal of each sample was plotted against the
number of cycles. The background fluorescence is removed by
establishing a noise band; then the resulting threshold is used
to resolve the cycle numbers that correlate inversely with the
log of the initial template concentration. The crossing points
are the intersections between the best-fit lines, calculated from
the log-lincar portion of the amplification curve, and the noise
band. A standard curve was created for both PAPPA and
ACTB by performing PCR on 1:10, 1:100, and 1:1000
dilutions of the normal sample, OSE. Fold reduction was
calculated from applying the crossing points of the samples to
the standard curve. The fold reduction determined for PAPPA
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Characterization of FRAGE and Its Potential Role in
Autosomal Recessive Juvenile Parkinsonism and
Ovarian Cancer
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Characterization of FRAGE (6q26), the third most frequently observed common fragile site (CFS) in the human population,
determined that aphidicolin-induced instability at FRAGE extends over a very large region (3.6 Mb). Sequence analysis identified
eight genes (IGF2R, SLC22A1, SLC22A2, SLC22A3, PLG, LPA, MAP3K4, and PARK2) as mapping within the large FRAGE region.
PARK2, the gene associated with autosomal recessive juvenile parkinsonism (ARJP), accounts for more than half of the CFS.
Homozygous deletions and large heterozygous deletions have been observed in PARK2 in ARJP patients. RT-PCR analysis of
the eight genes localizing to FRAGE indicated that 50% of the genes, including PARK2, were down-regulated in one or more
of the primary ovarian tumors analyzed. PARK2 expression was down-regulated in 60.0% of the primary ovarian tumors
analyzed. Additionally, we found tumor-specific alternative transcripts of PARK2. Loss of heterozygosity analysis of primary
ovarian tumors by use of polymorphic markers in the 6q26 region demonstrated 72% LOH in the center of the PARK2 gene,
the highest of any of the markers tested. FRAGE shares many similarities with FRA3B (3p14.2) and FRAI6D (16q23.2) in
representing a large region of genomic instability and containing an extremely large gene that may play a role in the

development of ovarian and many other cancers.  © 2003 Wiley-Liss, Inc.

INTRODUCTION

Chromosomal fragile sites are specific loci that
are susceptible to forming gaps, breaks, and rear-
rangements when cells are challenged under spe-
cific tissue culture conditions. Fragile sites are cur-
rently classified into two classes on the basis of
their relative frequency of occurrence in the gen-
eral population. Rare fragile sites (RFSs) have been
defined as sites observed in less than 5% of the
population and inherited as Mendelian co-domi-
nant alleles. In contrast, the common fragile sites
(CFSs) are purported to be present in all individ-
uals.

Most of what is known about chromosomal frag-
ile sites pertains primarily to the RFSs. A correla-
tion between chromosomal fragility and an observ-
able clinical phenotype has been demonstrated
with certain RFSs. FRAXA (Xq27.3) and FRAXE
(Xg28) are associated with heritable mental retar-
dation, and FRA11B (11q23.3) has been implicated
in the generation of a chromosomal deletion char-
acteristic of Jacobsen syndrome (Oberle et al,
1991; Knight et al., 1993; Jones et al., 1995). The
potential biological significance of the CFSs, how-
ever, remains somewhat unclear. There are data to
suggest that the CFSs play a causal role in tumor-
igenesis and/or cancer progression. All seven of the
CFSs that have been cloned and well character-

© 2003 Wiley-Liss, Inc.

ized, FRA3B (3p14.2), FRA7G (7q31.2), FRA7TH
(7932.3), FRA9E (9q32), FRA16D (16q23.2),
FRA2G (Limongi et al., 2003) and FRAXB
(Xp22.3) (Wilke et al., 1996; Huang et al., 1998a,b;
Mishmar et al., 1998; Krummel et al., 2000; Man-
gelsdorf et al., 2000; Paige et al., 2000; Arlt et al.,
2002; Callahan et al., 2003) have been associated
with a cancer-specific chromosomal rearrangement,
a putative tumor-suppressor gene, and/or a region
of high loss of heterozygosity (LOH) (Wilke et al,,
1996; Huang et al., 1998b; Mishmar et al.,, 1998;
Smith et al., 1998; Bednarek et al., 2000; Krummel
et al., 2000; Mangelsdorf et al., 2000; Paige et al.,
2000; Arlt et al., 2002). There is also evidence
demonstrating that CFSs participate in gene am-
plification, and that they are preferred sites for
DNA integration in vitro and viral integration in
vivo (Popescu et al,, 1990; Rassool et al., 1991;
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Coquelle et al., 1997; Thorland et al., 2000; Becker
et al., 2002; Hellman et al., 2002).

Although these sites represent a small fraction of
the 89 currently recognized CFSs, there is one
noticeable similarity among them. Several of them
contain very large genes that play an important role
in tumorigenesis and/or cancer development. The
focus of this study was to clone and characterize the
CFS FRAG6E (6q26), the third most frequently ob-
served CFS in the human population. Chromo-
somal band 626 has been associated with a high
frequency of LOH in squamous cell lung, ovarian,
hepatocellular, and breast cancers (De Souza et al.,
1995; Oates et al., 1998; Shridhar et al., 1999; Kong
et al., 2000). Additionally, the putative tumor-sup-
pressor gene IGFZR has been localized to the
6q26-27 region (De Souza et al.,, 1995). We report
on the characterization of this unstable CFS and
find that instability in this region extends for 3.6
megabases. The FRA6E CFS contains /GFZR (at
its centromeric end), six small genes, and the very
large PARK? gene (which is mutated in patients
with autosomal recessive juvenile parkinsonism
[AR]JP]) spans the telomeric half of this fragile site.
The most unstable region within FRA6E coincides
with polymorphic markers that demonstrate the
greatest LOH in primary ovarian tumors and occurs
within the PARKZ gene. Instability within this CFS
may play an important role in cancer development
and in the frequent PARKZ deletions observed in
AR]P patients.

MATERIALS AND METHODS

Selection of Clones

Bacterial artificial chromosome (BAC)/P1 artifi-
cial chromosome (PAC) clones were selected based
on their localization to 6q26 by The Sanger Centre
(Cambridge, UK), the Washington School of Med-
icine Genome Sequencing Center FPC Database
(St. Louis, MO), or by PCR screening of the Re-
search Genetics CITB Human BAC DNA Library
(Release 1V; Huntsville, AL), by use of primers
designed to amplify known STS/EST markers in
the 626 region. The protocol for the growth and
isolation of clones is available on request.

Cytogenetic Localization of Clones

Metaphase preparations were obtained from
blood cultures established from 1 ml of peripheral
whole blood and 9 ml of Chang Media PB (Irvine
Scientific, Santa Ana, CA). Cultures were incu-
bated at 37°C in 5% CO, for 72 hr. Twenty-four
hours before harvest, the cultures were inoculated

with 0.2 wM aphidicolin (APC). Cell harvest and
metaphase preparations followed routine cytoge-
netic techniques.

For each clone, 1 pg of purified BAC or PAC
DNA was labeled with biotin-16-dUTP (Boehr-
inger/Roche, Indianapolis, IN) by nick translation,
precipitated, and hybridized to the APC-treated
metaphase chromosomes according to the protocol
described by Verma and Babu (Pennington and
Sheinis, 1989). Probe detection followed minor
modifications of the manufacturer’s protocols (Ven-
tana Medical Systems, Tucson, AZ). After over-
night hybridization at 37°C, the slides were washed
twice in 2X SSC (pH 7.0), twice in 2X SSC/50%
formamide, and twice in 2X SSC (pH 7.0), all at
42°C for 5 min. Slides were then washed two times
in room-temperature 2X SSC/0.2% Tween 20 for 5
min. Before detection, slides were incubated in
room-temperature BT buffer (100 mM NaHCO,,
300 mM NaCl, 0.05% Tween 20). A total of 75 pl
of 5% BSA/BT buffer was added to each slide, and
the slide was incubated for 5 min at room temper-
ature. Amplification of the probe signal was per-
formed by adding 100 pl of a 0.33% avidin/BT
buffer mixture to each slide, incubating the slide(s)
for 30 min at 37°C, and washing them in three
6-min washes of BT buffer at 39°C. A 1.5% solu-
tion of biotinylated anti-avidin in 5% normal goat
serum (5% NGS/BT buffer) was then added to
each slide for probe detection. Slides were washed
three times in BT buffer at 39°C, and the chromo-
somes were counterstained with DAPI. Photomi-
croscopy was performed by use of a Zeiss Axioplan
2 fluorescence microscope and IPLab Spectrum P
software (Scanalytics, Fairfax, VA). The position of
each individual clone relative to FRA6E was de-
termined by the analysis of a minimum of 20 APC-
treated metaphase cells with breakage at 6q26.
Breakage at 6q26 was identified by band location as
established by DAPI banding. A clone was identi-
fied as crossing the fragile site if a hybridization
signal was observed on both sides of the breakage
or if a signal was observed as occurring proximal
(centromeric) in one metaphase cell and distal (te-
lomeric) in a separate metaphase cell (Fig. 1).

LOH Analysis of Primary Ovarian Tumors

The percentage LOH throughout the FRA6E
region was determined by analysis of eight micro-
satellite markers identified as being heterozygous
in a minimum of 60% of the human population.
DNA primers specific for each marker were either
obtained from Research Genetics (Huntsville, AL;
MapPairs D68305, D6S411, D6S1008, D6S1579,
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Proximal

Distal

A
D6817581) or synthesized by the Mayo Foundation
Molecular Core Facility (Rochester, MN; IGFZR,
D6S1719, and D681599). Primer sets specific for
each marker were tested in both normal and tumor
ovarian DNA (serous; stages 2—4) pairs obtained
from 21 different patients. For each patient, tumor
DNA was obtained from snap-frozen tissue, and
paired noncancerous DNA was isolated from blood
by standard phenol-chloroform methods. The for-
ward primer for each microsatellite marker was
end-radiolabeled with [y**P]JATP (10 pCi/pL) by
use of the RTS T4 Kinase Labeling System (Gib-
coBRL, Rockville, MD). End-labeling was per-
formed following the manufacturer’s protocol. The
PCR mix (12.5 pL reaction volume) contained: 50
ng of genomic DNA, 50 mM KCI, 10 mM Tris-HCI
(pH 8.3), 1.5 mM MgCl,, 200 uM concentration of
the radiolabeled forward primer, 200 pM concen-
tration of the unlabeled reverse primer, and 0.1 U
Tag polymerase (Promega, Madison, WI). The con-
ditions for amplification were: 94°C for three min,
then 30 cycles of 94°C for 30 sec, 55-61°C for 30
sec, and 72°C for 30 sec, with a final extension of
72°C for 10 min. PCR products were denatured
and electrophoresed on 6% denaturing polyacryl-
amide-sequencing gels containing 8 M urea. The
gels were dried, autoradiographed for 16-24 hr, and
subsequently scored for LOH. Allelic imbalance,
indicative of LOH, was scored when there was
more than 50% loss of intensity of one allele in the

tumor sample with respect to the matched allele
from normal tissue.

C D

Figure |. Depiction of clone RP|-81D8 determined to
be crossing the region of FRAGE breakage. Chromosomes
were obtained from separate APC-treated metaphase
cells. For each break analyzed, the presence of breakage at
6q26 was initially scored from a DAPI-counterstained
image. Breakage was confirmed as mapping to 6q26 by
comparing the inverted DAPI image to a G-banded ideo-
grammatic representation of chromosome 6. Hybridiza-
tion of the FITC-labeled clone (green) is shown as occur-
ring both proximal and distal to the FRAGE region.
Rhodamine-labeled RPI-119H20 (red) was in some in-
stances hybridized simultaneously with clone RPI-81D8
and is shown as also hybridizing distal to FRAGE.

RT-PCR

RT-PCR products were obtained from total
RNA extracted from normal ovarian epithelial
brushings, short-term~cultured normal ovarian sur-
face epithelium, seven ovarian tumor-derived cell
lines (Mayo cell lines OV167, OV177, OV202,
0OV207, and OV266 [Conover et al., 1998], SKOV3,
and OVCARS), and 15 primary tumors (serous)
ranging from stage 1 to stage 4 by use of Trizol
reagent (GibcoBRL) following the manufacturer’s
instructions. For each reaction, DNA was elimi-
nated by treating 5 pg of total RNA with RNase-
free DNase for 30 min at 37°C, and the DNase was
inactivated by incubating the reaction for 10 min at
90°C. Reverse transcription of DNase-treated
RNA was performed following the manufacturer’s
protocol (GibcoBRL).

Unique primers were designed for genes local-
ized to the FRAGE region (Table 1) by use of
Oligo 6.4 software (Molecular Biology Insights,
Cascade, CO) and used in a multiplex reaction
with GAPDH, ACTR, or TUBBZ internal control
primers (Table 1). The PCR samples (20 pL
total volume) contained 50-100 ng of reverse-
transcribed cDNAs, 1X PCR buffer (as supplied
with enzyme), 0.5 mM BSA, 200 uM dNTPs, 4
mM MgCl, 750 pM concentration of forward
and reverse primers for the specific genes, and
0.1 U Platinum 7eg polymerase (Invitrogen,
Carlsbad, CA). The conditions for amplification
were: 94°C for three min, then 28 cycles of 94°C
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TABLE |. STS and EST Markers Mapped to the FRA6E Region*
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STS/EST GenBank LOH/RT-PCR/ Product

marker accession BAC/AT Primer sequence 5’ — 3’ size (bp) Het

ACTB NM_001101 RT-PCR GCTCCGGCATGTGCAAGG 550
ATGAGGTAGTCAGTCAGGTC

B2M AH002619 RT-PCR AGCTGTGCTCGCGCTACTCTCTC 140
GTGTCGGATTGATCAAACCCAGACAC

D65305 ZI17103 LOH CACCAGCGTTAGAGACTGC 218 0.84
GCAAATGGAGCATGTCACT

Dé6S411 Z23573 LOH TGGTTGATTGACCCACTTAT 155 0.59
TCACAGTGCCTGGTCC

D6S1008 G0854! LOH/BAC AAGAAAGACTAGAGAGACAGACAGC 246
ATCATTTGCCCATTTACCAA

Dé6S1579 752681 LOH TACTCACACATGCACAGGC 161 0.70
CTTCCTACCCACATGCAG

D6S1581 Z52717 LOH AGGCTCATCCATGTTTCTG 219 0.72
TGCATTCCCACATTTACTG

D651599 752945 LOH TGTTTTCCACAGGTTCCAG 133 0.69
CTTCAGATGTAGGCTCCACG

D6SI719 Z51973 LOH GGAACTACTCCCATTCCAAC 178 0.75
GAGATACAAGCAGGAGGTAGC

GAPDH M33197 RT-PCR ACCACAGTCCATGCCATCAC 450
TCCACCACCCTGTTGCTTGTA

IGF2R Y00285 LOH TTGCCGGCTGGTGAATTCAA 162 0.63
GTATCATGAGAACCTGAAGAG

IGF2R NM_000876 RT-PCR ATTGTCCAGTGCGGGCCATC 197
CCCAGGGTTTTCCCACACAG

IGF2R AF109281 BAC GTCGGGCCAGAACAAG 156
AGGGCAACGATCACCATTCA

MAP3K4 NM_005922 RT-PCR AGGATGATTCTCTTGGCTGG 553
TCGGGCTTCTCCAAGTC

LPA X06290 RT-PCR ACGTACTCCACCACTGTC 156
CGTATAACAATAAGGAGCTG

PARK2 AB009973 RT-PCR GTTGCTAAGCGACAGG 587
GCTACTGGTGTTTCCTTGTC

PARK2 AB009973 AT CCAGTGACCATGATAGTGTT 600
TGATGTTCCGACTATTTGTTG

PARK2 AB009973 AT TGACCCAGGGTCCATCTT 1067
TTTTCATGGACATAGTGAAG

PLG X05199 RT-PCR AAGGAGAGCCTCTGGATGAC 353
AGGTCTGTGGGGAGAAGTGG

SLC22A1 XM_004236 RT-PCR ATGACATTCTGGAGCAGG 527
CAGGAGACACAGCTTACG

SLC22A2 XM_004235 RT-PCR CGTCCATCGTCACCGAG 1383
CAGGGGTAAGTTTGGTTGAG

SLC22A3 XM_011436 RT-PCR CAGAGACAGTGGATGATG 330
GCTTCTTTGTTAAACTGG

TUBB2 BC007889 RT-PCR GCATCAACGTGTACTACAA 454
TACGAGCTGGTGGACTGAGA

*The GenBank accession number (when available), primer sequence, PCR product size, and percentage heterozygosity (Het) in the population (when
applicable) are provided for each STS/EST marker. Also included is the experiment for which the primers were used. LOH primers were used to assess
loss of heterozygosity throughout the FRAGE region. RT-PCR primers were used for expression analysis. BAC primers were used in BAC screens for

potential BAC clones in the region, and AT primers were used for screening the ovarian panel for alternative transcripts.

for 30 sec, 55-67°C for 30 sec, and 72°C for 30
sec, with a final extension of 72°C for 10 min.

RESULTS

Cloning and Characterization of FRA6E

Fluorescence in situ hybridization (FISH) of
large insert clones localized to the 6q26 band re-

gion identified seven clones that define FRA6E
(Figs. 1 and 2). Analysis of BAC clone RPCI-1-
249F5 on 20 APC-induced metaphase cells deter-
mined that all 20 signals hybridized proximal to the
observed breakage at 6q26. FISH analysis of clone
424P10, identified by screening of the Research
Genetics CITB BAC library by use of primers
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designed for IGFZR exon 38, determined that 18 of
the 20 signals hybridized proximal to the breakage
at 6q26. The remaining two signals were observed
as distal to the fragile site, indicating that the cen-
tromeric end of FRAGE lies between clones RPCI-
1-245F9 and 424P10 (Fig. 2). Definition of the
telomeric end of FRA6E was determined by FISH
analysis of clone 4681.24 (identified by screening of
the BAC library by use of the MapPair for
D681008). The hybridization signal was observed
proximal to the region of breakage only once in the
20 metaphase cells analyzed. The remaining 19
hybridization signals were observed distal, indicat-
ing that the telomeric boundary of FRA6E is in
close proximity to 468L.24 (Fig. 2). Five additional
clones encompassed within the boundaries of
FRAG6E were hybridized and analyzed to deter-
mine the “center” of the FRAGE fragile site. Hy-
bridization signals for clones RPCI-1 119H20 and
179P19 were observed nearly 50% of the time prox-
imal and 50% of the time distal to the region of
breakage. Therefore, these clones were deter-
mined to define the “center” of FRAGE (Fig. 2).
Although the region between these two clones
does not fall in the geographic center, for the pur-
poses of this study, this region will be referred to as
the “center” of FRAGE.

Because of the large effort of the Human Ge-
nome project, we were able to obtain the sequence
for BAC and PAC clones mapping throughout the
FRAGE region. Through the use of the original
seven clones as landmarks, a sequence-based con-
tig of the FRAGE region was assembled with the
Sequencher computer program (Version 3.1; Gene
Codes, Ann Arbor, MI). The Sanger Centre (http://
www.sanger.ac.uk; Cambridge, UK) has this region
divided into two separate contigs (chr_6ctgb and
chr_6ctg9). Contig 111 (chr_6ctglll) consists of
clones RPCI-1 111C20 through RP-11 178P20 and
includes the /GF2R locus, and contig 5 (chr_6ctg5)
begins with clone RP-3 366M24 and encompasses
the PARK? locus. The sequence-based contig we
have assembled combines these into a single con-
tig. Based on this sequence alignment, we were
able to assemble contiguously a majority of the
FRAGE region (Fig. 2). We attempted to eliminate
gaps in the contig by use of sequence data made
available by Celera Genomics (www.celera.com;
Rockville, MD) (Venter et al., 2001) and by end-
sequencing of clones indicated by the FPC data-
base to span the noncontiguous regions. However,
the Celera sequence data and the remaining FPC-
identified clones did not aid in the completion of
sequence alignment within the region. As a result,

there is a single gap remaining in the assembled
contig located near marker D6S7579, On the basis
of the aligned sequence, we estimate FRA6E to
span approximately 3.6 Mb.

The available sequence localized to 6q26 also
allowed for the positioning of genes relative to
FRAGE. To date, eight genes have been localized
within the FRAGE region: apolipoprotein-A (LPA),
mannose-6-phosphate/insulin-like growth factor 2
receptor (/IGF2R), mitogen-activated protein ki-
nase kinase kinase 4 (MAP3K4), plasminogen
(PLG), PARK2, and solute carrier 22, members 1, 2,
and 3 (SLC22A1, SLC22A2, and SLC22A3, respec-
tively). The position of these genes relative to
FRAGE is indicated in Figure 2. FRAGE localizes
between /GFZR and PARK2. Whereas the PARK2
gene is contained completely within the fragile
site, data suggest that only portions of IGFZR lo-
calize to the region. End-sequencing of clone
424P10 indicated that exons 32-48 of IGFZR de-
finitively map within FRA6E. Because the proxi-
mal end of FRAGE is located in the region between
clones RPCI-1-249F5 and 424P10, additional
FISH analysis is required to delineate what portion
of the IGFZR gene resides within this region. Of
the six remaining genes, five (MAP3K4, PLG,
SLC22A1, SLC22A2, and SLC22A3) are definitely
encompassed within the fragile site. The portion of
the LPA gene contained within FRA6E, however,
remains unknown. The highly repetitive nature of
LPA does not allow for complete alignment of its
genomic sequence with that for FRA6E. There-
fore, it remains unclear as to whether LPA is com-
pletely encompassed by FRA6E or whether it ex-
tends into the region proximal to the fragility at
6q26.

LOH Analysis of Primary Ovarian Tumors

Eight microsatellite markers were used to test 21
primary ovarian tumors (serous, stages 2-4) for
LOH. Six of the selected markers localized within
the FRAG6E region; the remaining two markers,
D6S1581 and D6S1719, localized outside of
FRAGE, centromeric and telomeric, respectively
(Fig. 2). LOH analysis of these eight markers de-
termined that 19 (90.4%) of the tumors sampled
had LOH of at least one of the markers tested
(Table 2). The number of markers at which a
single tumor displayed LOH ranged from one to
seven; no tumors had LOH at all of the microsat-
ellite markers sampled (Table 2). The percentage
LOH of the eight markers ranged from 25.0% to
64.7%. The lowest frequency of LOH was ob-
served at D6S1581 (25.0%) and D6S1719 (33.3%).
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TABLE 2. Observed Loss of Heterozygosity (LOH) in 21 Primary Ovarian Tumors (serous; stages 2—-4) at Eight Microsatellite
Markers Located Throughout the FRAGE Region

Marker | 2 3 4 5 6 7 8 9 10 Il 12 13 14 15 16 17 18 19 20 21 P
DeSIs8l UP O U U U U O uUu — O u MFf O U & M e O O O @ 250
IGF2R O O @€ O 0O 0O @ O @€ Uu O O U O e Uuo e O U e 353
Déis79 — U @ — O @ U O O u e e O U O e e U e O 500
D6Ss411 O O O O U U O e @€ — e U U uUu e U e O e O M 429
D65305 ®e U e @ O 0O O U e — e e U e e O e O O e e 7
DéSI599 U O @€ — U O U M O U e e U — M U e e @& @& @& 45
pesiopos O O e — e O O M e e O O O O e O e U U u — 400
Dési7zi9 Ul O O — U O O O e O e O U O O O ez — @& — @ 333

*Percentage of tumors with LOH at that locus.
5The marker was uninformative.
‘LOH was not observed.

“Marker amplified in normal DNA but would not amplify in tumor DNA.

*Microsatellite instability observed at that locus.
'LOH was observed at that marker.

The highest frequency of LOH was observed at
D6S305 (64.7%). This marker was localized within
FRAGE by sequence alignment and was located
telomeric to RPCI-1 179P19, in the middle of the
PARK?Z gene (Fig. 2).

RT-PCR

RT-PCR was performed on short-term culture
normal ovarian epithelium (OSE), ovarian cancer
cell lines, as well as primary tumors by use of
primers designed specifically for the eight genes in
FRAGE (Table 1). Initially, each gene was ana-
lyzed for expression in normal ovarian epithelium
by use of ¢cDNA products derived from normal
ovarian epithelial brushings (data not shown). All
but three of the genes analyzed (SLCZ2A1,
SLC22A2, and LPA) were expressed in the normal

Cell Lines

Primary Tumors

ovarian brushings. Because SLC22A1, SLC22A2,
and LPA were not expressed in the brushings, RT-
PCR was not performed for the ovarian cell lines or
primary tumors. The expression levels for the five
remaining genes were subsequently analyzed in
both primary ovarian tumors (serous, stages 1-4)
and tumor-derived cell lines and compared to the
expression level in OSE (Fig. 3). Gene-specific
primer sets for all of the genes tested were multi-
plexed with B2M, GAPDH, ACTB, or TUBBZ con-
trol primers. The appropriate control genes were
chosen for each gene tested so that the PCR prod-
ucts obtained were similar in size (Fig. 3). Expres-
sion analysis for the five genes indicated that all but
MAP3K4 showed decreased expression in at least
one cell line and/or primary tumor when expression
levels were compared to that of the OSE (Fig. 3).

IGF2R
B2M

TUBB2
SLC22A3

GAPDH
PLG

TUBB2
MAP3K4

PARK2
TUBB2

- e e e - -

S NS OGS AR G R e N AR A GRS e

R R TR IR TI YR R AN K

Figure 3. RT-PCR analysis of the genes
mapping to the FRAGE region. Each gene
was tested for the presence or absence of
expression in short-term cultured normal
ovarian surface epithelium (OSE), seven tu-
mor-derived ovarian cell lines (OVI67,
OVI177, OV202, OV207, OV266, OVCARS,
and SKOV3), and |5 primary ovarian tu-
mors. The internal control (GAPDH, B2M,
or TUBB2) used for each specific primer set
is indicated. A negative control (—) is also
provided. Marker ladder is indicated as M.
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When expression levels for MAP3K4 in OSE were
compared to that of the cell lines and the primary
tumors, none showed any decrease in expression.
IGF2R, PLG, and PARK2 were expressed in all of
the cell lines and primary tumors tested, but did
show a decrease of expression in some of the cell
lines and primary tumors analyzed (Fig. 3). IGFZR
and PLG were down-regulated only in the primary
tumors, 6/15 (40.0%) and 1/15 (6.7%), respectively.
PARK2 exhibited decreased expression in 2/7
(28.5%) of the tumor-derived cell lines and 7/15
(46.7%) of the primary tumors analyzed. SLC22A3
showed an absence of expression in both the cell
lines and primary tumors examined. RT-PCR anal-
ysis of SLC22A3 expression determined the lack of
expression in 4/7 (57.1%) of the tumor-derived cell
lines and in 9/15 (60.0%) of the primary ovarian
tumors (Fig. 3).

Although PARKZ was not the gene with the
highest loss of expression (LOE) from this region,
RT-PCR analysis of PARK2, by use of primers
encompassing exons 2 to 6, revealed the presence
of alternative transcripts in both the ovarian cell
lines and primary ovarian tumors tested (Fig. 4).
These alternative transcripts were never observed
in OSE, or in any other normal tissues analyzed,
including liver, kidney, prostate, and OR normal
keratinocytes (Fig. 4). Various intragenic homozy-
gous and heterozygous deletions/duplications and
point mutations in PARKZ have been identified in
patients with ARJP, characterized by an early onset
of parkinsonism (before the age of 40), and result in
either protein truncation or an amino acid substi-
tution (Kitada et al., 1998; Lucking et al., 1998;
Abbas et al., 1999; de Silva et al., 2000; Hedrich et
al., 2001; Terreni et al., 2001). In particular, vari-
able deletions and duplications have been docu-
mented throughout PARKZ2, with the majority of
them localizing between exons 3 and 8 (Fig. 4a)
(Kitada et al., 1998; Lucking et al., 1998; Abbas et
al., 1999; de Silva et al., 2000; Hedrich et al., 2001;
Terreni et al., 2001). We designed two sets of RT
primers (Table 1), one encompassing PARKZ cod-
ing sequence from exons 1-6 and the other from
exons 5-12, which together encompassed the com-
plete coding sequence for PARKZ, to analyze seven
ovarian cell lines and 22 primary ovarian tumors, 15
of which had been analyzed by RT-PCR (Fig. 3),
for alternative transcripts in PARKZ. The seven
additional tumors were analyzed by RT-PCR by
use of primers specific to GAPDH (data not shown)
to control for the amount of RNA in each sample

(Fig. 3). Previous alternative-transcript analyses of
FHIT and WWOX were performed by nested PCR

analysis of cell lines and primary tumors (Druck et
al., 1998; Bednarek et al., 2001). However, because
we observed alternative transcripts by use of con-
ventional single-round (28-cycle) PCR, we opted
merely to increase the number of PCR cycles to 35
rather than perform nested PCR. RT-PCR analysis
of the cell line/primary tumor panel identified sev-
eral alternative transcripts in both the cell lines and
primary tumors analyzed that were not observed in
normal OSE (Fig. 4b). Sequence analysis of these
transcripts determined that they were alternative
PARK?Z transcripts. In some instances, however, a
normal transcript was observed for Parkin by use of
the alternative transcript primers when a normal
transcript was not observed with the RT primers
(Figs. 3 and 4). This inconsistency in observed
transcripts may be the result of the position of the
primers in the coding region of Parkin. If a primer
was designed in an exon that was either partially or
completely deleted in a portion of the Par#kin tran-
scripts for that particular tumor, no transcript or a
lesser amount of transcript would be observed by
use of that primer set. We detected no tumor-
specific alternative transcripts for any of the other
genes in the FRAGE region.

DISCUSSION

In this study, we cloned and characterized the
CFS FRAGE (6q26), the third most frequently ob-
served CFS in the human population. FISH anal-
ysis of large insert clones localized to the 6q26 band
region allowed for the identification of seven clones
that define the FRAGE region (Fig. 2). In addition,
a sequence-based contig was constructed across the
FRAGE region and allowed for an estimation of the
size of the FRAGE region of instability. The fragil-
ity at FRA6E extends approximately 3.6 Mb, mak-
ing it the third largest CFS characterized to date;
the two largest CFSs are FRA3B at 3p14 (4 Mb),
the most frequently observed CFS in the human
population, and FRA9E at 9q32 (9.8 Mb), a less
frequently observed CFS (Becker et al., 2002; Cal-
lahan et al., 2003). The other CFSs that have been
cloned and characterized are much smaller in size
compared to FRA9E, FRA3B, and FRAGE.
FRA16D (16qg23.2) has been estimated at 1.5 Mb
and FRA7G, FRA7H, and FRAXB are estimated at
only 161 to 500 kb in size (Wilke et al., 1996;
Huang et al., 1998b; Mishmar et al., 1998; Krum-
mel et al., 2000; Mangelsdorf et al., 2000; Paige et
al., 2000; Arlt et al., 2002). The data on two of these
CFSs (FRA7G and FRA7H), however, are incom-
plete. The ends of these sites remain only loosely
defined, and thus these CFSs may represent larger
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regions of fragility. However, if the size estimations
for the currently cloned and characterized CFSs are
correct, then the data suggest that there is no cor-
relation between the size of a CFS region of insta-
bility and the observed frequency of its expression
in vitro.

Eight genes were identified as being either par-
tially or completely contained within FRA6E (Fig.
2). FRAGE is very similar in genomic structure to
the previously cloned highly active CFSs FRA3B
(Becker et al., 2002) and FRA16D (Bednarek et al.,
2000), given that genomic instability extends over a
large region, and contained within the center of
this region of instability is an extremely large gene.
PARK? is estimated at 1.5 MB in size (Kitada et al,,
1998). Five of the eight genes that localize within
FRA6E were expressed in normal ovarian epithe-
lium, and these were analyzed for their expression
in ovarian cancer cell lines and primary tumors.
Only MAP3K4 showed normal expression in ovar-
ian cancer cell lines and primary tumors. The re-
maining four genes all exhibited decreased mRNA
expression in either a tumor-derived cell line or a
primary ovarian tumor. There was no obvious pat-
tern of LOE across the cell lines and primary tu-
mors, and no tumor or cell line exhibited a loss or
decrease of expression for all of the genes in
FRAGE. These data are consistent with expression
data obtained for genes that were localized to other
cloned CFSs (Le Beau et al., 1998; Lee et al., 1998;
Smith et al., 1998; Arlt et al., 2002; Denison et al.,
2002).

LOH is frequently observed within FRA3B and
FRA16D in a variety of different tumor types,
including ovarian cancer. We therefore examined
microsatellite markers throughout FRAGE against a
panel of primary ovarian tumors, with matched
blood from each patient. Percentage LOH ob-
served across the eight markers mapping to the
FRAGE region ranged from 25.0% (D6S1581) to
64.7% (D6S305) (Table 2). LOH analysis of these
eight markers identified a significantly high fre-
quency of LOH at D681599 (61.5%) and D6S305
(64.7%) (Table 2). These markers localize to in-

Figure 4. PARK2 mutations and aberrant transcripts. a: Previously
identified mutations in PARK2 in ARJP patients. [Adapted from Lucking
et al. (1998), de Silva et al. (2000), Hedrich et al. (2001), and Terreni et
al. (2001).] b: Alternative transcript analysis of short-term-cultured
normal ovarian surface epithelium (OSE), normal liver, normal kidney,
normal prostate, normal keratinocytes, seven tumor-derived cell lines
(OV167, OVI77, OV202, OV207, OV266, OVCARS, and SKOV3), and
22 primary ovarian tumors by use of primer sets specifically designed to
encompass exons | to 6 (5') and exons 5 to 12 (3') of the PARK2 coding
sequence. A negative control (—) and marker ladder (M) are provided.

trons 2 and 6, respectively, of the PARKZ gene
(Fig. 2). These markers are also contained within
the center of the FRA6E CFS, demonstrating at
the molecular level that the center of FRAGE con-
tains markers that show the highest LOH in ovar-
1an tumors.

Previous studies have shown that many of the
genes mapping to other cloned CFSs show LOE in
various tumor types and/or tumor-derived cell lines
(Le Beau et al., 1998; Lee et al., 1998; Smith et al.,
1998; Tatarelli et al., 2000; Arlt et al., 2002; Deni-
son et al., 2002). RT-PCR on normal ovarian epi-
thelial brushings, OSE, ovarian cell lines, and pri-
mary tumors revealed that five of the eight genes
were expressed in normal ovarian epithelium; thus,
only these five were analyzed for their level of
expression in ovarian cancer cell lines and primary
tumors. Only MAP3K4 showed normal expression
when the expression levels in tumor-derived cell
lines and primary ovarian tumors were compared to
that of OSE (Fig. 3). Of the remaining four genes
(IGF2R, PLG, SLC22A3, and PARK?), all exhibited
decreased expression in either a tumor-derived cell
line and/or a primary ovarian tumor. SLG2ZA3 ex-
pression levels were determined to be down in
57.1% (4/7) cell lines and 60.0% (9/15) of the pri-
mary ovarian tumors analyzed. There was no obvi-
ous pattern for LOE across the cell lines and the
primary tumors. No one cell line or primary tumor
exhibited a loss or decrease of expression for all of
the genes in the FRA6E region. These data are
consistent with expression data collected for genes
localized to other cloned CFSs.

The “center” of a common fragile site is gener-
ally defined as the region where clones hybridize
with approximately equal frequency and distal to
aphidicolin-induced breakage in this unstable re-
gion. We have now observed for FRA3B and
FRAGE that the center regions of the CFSs do not
coincide with the physical center of the fragile site.
Instead, the “center” of these two fragile sites
spans the middle of two extremely large genes,
FHIT (in FRA3B) and PARK? (in FRA6E). We
have also observed that markers within the “cen-
ter” of the FRA6E CFS showed the greatest LOH
in primary ovarian tumors, as has been observed for
markers within the “center” of FRA3B and FHIT.

Constitutional mutations in the PARKZ gene
have been associated with the neurodegenerative
disorder referred to as autosomal recessive juvenile
Parkinson’s disease, characterized by an early onset
of parkinsonism (before the age of 40 years) (Kicada
etal., 1998). Mutational screening of ARJP patients
has revealed the presence of various intragenic
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homozygous and heterozygous deletions/duplica-
tions and point mutations in PARKZ in those pa-
tients (Kitada et al., 1998; Lucking et al., 1998;
Abbas et al., 1999; de Silva et al., 2000; Hedrich et
al., 2001; Terreni et al., 2001). Many of the het-
erozygous mutations were found to be quite large
(Kitada et al., 1998; Lucking et al., 1998; Abbas et
al., 1999; de Silva et al., 2000; Hedrich et al., 2001;
Terreni et al., 2001). Although variable deletions
and duplications have been documented through-
out the major portion of PARKZ, most of them
localize between exons 3 and 8, which spans the
center of FRAGE (Fig. 4a; Abbas et al., 1999).

Detailed analyses of the genomic alterations that
occur in FHIT in human tumors have not been
carried out because this gene spans more than 1
Mb of highly unstable genomic DNA within the
center of FRA3B. One technique for characterizing
such a large gene was to focus on the relatively
small 1.1-kb final processed transcript and use RT-
PCR to amplify and characterize FHIT transcripts.
Through the use of nested PCR primers, a number
of groups detected multiple aberrant FHIT tran-
scripts that appeared to be tumor-specific (Mao et
al,, 1996; Yanagisawa et al., 1996; Simon et al.,
1998). We carried out a similar analysis on PARKZ
with two sets of RT-PCR primers specifically de-
signed to amplify the whole PARK?Z coding region,
which also spans the “center” of FRAGE. We ana-
lyzed seven ovarian cell lines and 22 primary ovar-
ian tumors for alternative transcripts in PARKZ.
Screening of the cell line/primary tumor panel
identified several alternative transcripts in both the
cell lines and the primary tumors analyzed (Fig.
4b). Sequence analysis of these alternative tran-
scripts determined that the alternative PCR prod-
ucts were derived from PARK?Z, but contained ex-
onic duplications and/or deletions (Fig. 4b). The
observed expression levels of PARKZ compared to
that of OSE were dependent on the particular
primer set used. Nearly 55% of the primary tumors
analyzed showed decreased expression of PARKZ.
The number of primary tumors with either LOE or
the presence of an alternative PARKZ transcript
was 77.3%. The complete characterization of both
the normal and alternative transcripts is currently
ongoing in our laboratory. Additional studies will
be required to determine whether PARKZ actually
plays a role both in ARJP and in the development
of ovarian cancer or is merely a bystander to the
observed instability in this region.

What role might PARKZ play in the development
and/or progression of ovarian cancer? PARKZ has
been linked to the ubiquitin-mediated pathway of

regulated protein degradation (Imai et al., 2000;
Zhang et al., 2000). PARK? is classified as a mem-
ber of the RING finger domain E3 family of ubiqg-
uitin protein ligases because of the presence of two
RING domains located at its COOH terminus
(Imai et al., 2000; Weissman, 2001). Other RING
finger E3s include Mdm2, which ubiquitylates p53,
and BRCA1 (Weissman, 2001). Initial studies to
determine ubiquitin-mediated proteins that bind
to PARK?Z have identified CDCrel-1, the synaptic-
vesicle-associated protein, as one protein whose
degradation is mediated by PARKZ (Zhang et al.,
2000). Familial-linked mutations in both RING
finger domains have been shown to disrupt the
ubiquitin-protein ligase function of PARKZ and im-
pair both PARK2 and CDCrel-1 degradation
(Zhang et al., 2000; Weissman, 2001). This loss of
function has been suggested as the cause of ARJP.

Determination of the role of the CFSs in cancer
has been problematic because of the lack of ob-
served similarities among these cloned CFSs. The
data presented in this study, however, do suggest
genomic similarities among the most frequently
expressed human CFSs: FRA3B, FRA16D, and
FRAG6E. All three of the most frequently observed
CFSs span at least 1.5 Mb and contain an ex-
tremely large gene that encompasses the majority
of the fragile region. FRA7H (one of the top five
most frequently observed CFSs) is the only high-
frequency CFS that has not had any genes mapped
within the region of fragility. However, Mishmar et
al. (1998) did not exclude the possibility that a
large gene could span the 161-kb fragile region.
The three very large genes that are contained
within these CFSs (FHIT, WWOX, and PARK?)
have similar genomic structures. FHIT, WWOX,
and PARKZ span 1.4, 1.0, and 1.5 Mb, contain 10, 9,
and 12 exons, and encode a 1.1, 1.1, and 2.9 kb
mRNA, respectively. In contrast to these large CFS
genes, dystrophin (DMD), the largest known gene
in the genome (which is not present within a CFS
region), spans 2.4 Mb, contains 79 exons, and pro-
duces an approximately 12-kb transcript. Further-
more, FRA3B, FRA16D, and now FRAG6E have
each been associated with a region of high LOH
and LOE for genes mapping within them (Ohta et
al., 1996; Druck et al., 1998; Le Beau et al., 1998;
Smith et al., 1998; Bednarek et al., 2000, 2001;
Krummel et al,, 2000; Mangelsdorf et al., 2000;
Paige et al., 2000; this study). Finally, PARKZ is
similar to both FHIT and WWOX in that alternative
transcripts have been identified in both tumor-
derived cell lines and primary tumors (Druck et al,,
1998; Bednarek et al., 2001).
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Many questions remain about PARKZ and the
highly unstable CFS region that spans it. Are the
large deletions observed in some patients with
ARJP attributable to instability within the CFS
region? Is PARK?2 the target of 6q26 deletions in
ovarian cancer? What role does PARKZ play, if any,
in the development of ovarian cancer? Is PARKZ
similar to FHIT and WWOX and, as such, is it an
important tumor-suppressor target that is fre-
quently altered during the development of ovarian
and possibly other cancers? We are currently char-
acterizing PARKZ in greater detail to begin to ad-
dress these important questions.
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Alterations in the common fragile site gene Parkin in ovarian and other

cancers
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The cloning and characterization of the common fragile
site (CFS) FRAGE (6q26) identified Parkin, the gene
involved in the pathogenesis of many cases of juvenile,
early-onset and, rarely, late-onset Parkinson’s disease, as
the third large gene to be localized within a large CFS.
Initial analyses of Parkin indicated that in addition to
playing a role in Parkinson’s disease, it might also be
involved in the development and/or progression of ovarian
cancer. These analyses also indicated striking similarities
among the large CFS-locus genes: fragile histidine triad
gene (FHIT; 3p14.2), WW domain-containing oxidore-
ductase gene (WWOX; 16q23), and Parkin (6426).
Analyses of FHIT and WWOX in a variety of different
cancer types have identified the presence of alternative
transcripts with whole exon deletions. Interestingly,
various whole exon duplications and deletions have been
identified for Parkin in juvenile and early-onset Parkin-
son’s patients. Therefore, we performed mutational/exon
rearrangement analysis of Parkin in ovarian cancer cell
lines and primary tumors. Four (66.7%) cell lines and four
(18.2%) primary tumors were identified as being hetero-
zygous for the duplication or deletion of a Parkin exon.
Additionally, three of 23 (13.0%) nonovarian tumor-
derived cell lines were also identified as having a
duplication or deletion of one or more Parkin exons.
Analysis of Parkin protein expression with antibodies
revealed that most of the ovarian cancer cell lines and
primary tumors had diminished or absent Parkin expres-
sion. While functional analyses have not yet been
performed for Parkin, these data suggest that like FHIT
and WWOX, Parkin may represent a tumor suppressor
gene.

Oncogene (2003) 0, 000-000. doi:10.1038/sj.0nc.1207072

Keywords: common fragile sites; Parkinson’s disease;
ovarian cancer

Introduction

Parkinson’s disease is a neurodegenerative disorder
characterized by tremors, rigidity, and bradykinesia.

*Correspondence: DI Smith; E-mail: smith.david@mayo.edu
Received 6 June 2003; revised 28 July 2003; accepted 30 July 2003

While the peak age of onset is approximately 60 years of
age, there are cases of early-onset (<50 years of age)
and even juvenile (<20 years of age) Parkinson’s
disease. Linkage studies of autosomal recessive juvenile
Parkinson’s (ARJP) patients and their families identified
the gene Parkin as a potential target for mutation in
these patients (Kitada et al., 1998). Mutational analysis
of ARJP patients has revealed the presence of various
intragenic deletions/duplications and point mutations in
Parkin (Kitada et al, 1998; Liicking et al., 2000;
Hedrich et al., 2001, 2002; Hoenicka et al., 2002; Kann
et al., 2002; Nichols et al., 2002; West et al., 2002).
Subsequently, these mutations have been demonstrated
to be responsible for the manifestation of juvenile, early-
onset, and sometimes late-onset Parkinson’s disease
(Imai et al., 2000; Tanaka et al., 2001; Kahns et al.,
2002).

The recent cloning and characterization of the
common fragile site (CFS) FRA6E (6q26), the third
most frequently observed CFS in the human population,
has determined that Parkin localizes within the FRAGE
region of instability (Denison et al., 2003). CFSs are
chromosomal loci that are susceptible to forming gaps
and/or breaks when cultured in the presence of
chemicals such as bromodeoxyuridine, 5-azacytidine,
and aphidicolin. Characterization of FRAG6E deter-
mined that the region of aphidicolin-induced instability
extended approximately 3.6Mb and that Parkin
spanned the distal half of this region. The center (most
unstable region) of FRAGE was determined to localize
between exons 2 and 8 of Parkin, but was not located at
the physical center of the CFS region. Loss of
heterozygosity (LOH) analysis of 20 primary ovarian
tumors using markers mapping to the FRAGE region
identified a significantly high frequency of LOH at
D6S1599 and D6S305, two markers that localize within
introns 2 and 6, respectively, of Parkin. RT-PCR
analysis of Parkin determined that Parkin expression
was downregulated in over half of the primary ovarian
tumors analysed. These data suggested that in addition
to playing a role in Parkinson’s disease, Parkin may also
be involved in the development and/or progression of
ovarian cancer (Denison et al., 2003).

Parkin is the third large gene (1.5 Mb) to be identified
in a region of genomic instability; fragile histidine triad
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(FHIT) and WW domain-containing oxidoreductase
(WWO0X), located within the two most active CFSs
FRA3B (FHIT) and FRA16D (WWOX), have been
estimated at 1.4 and 1.0 Mb, respectively. FHIT and
WWOX have been shown to suppress independently
tumor growth and as a result both have been classified
as putative tumor suppressor genes (Ohta et al., 1996;
Siprashvili ez al., 1997; Bednarek et al, 2000). Pre-
liminary analyses of Parkin indicate that like FHIT and
WWOX, Parkin may represent a tumor suppressor gene.
Analyses of FHIT and WWOJX in various cancer types
have identified the presence of alternative transcripts in
both primary tumors and tumor-derived cell lines
(Druck et al., 1997; Bednarek et al., 2001; Roz et al.,
2002; Denison et al., 2003). Parkin alternative tran-
scripts have also been identified in both ovarian tumor-
derived cell lines and primary tumors (Denison et al.,
2003).

The focus of this study was to investigate Parkin as a
potential mutational target in cancer. We confirm data
reported by Denison et al. (2003) that Parkin is
downregulated in ovarian cancer, and analyse both
ovarian tumors and cell lines for the presence of the
Parkin protein. Western blot analysis of seven primary
ovarian tumors and six ovarian tumor-derived cell lines
identified five primary tumors and four cell lines as
exhibiting decreased or the complete absence of Parkin
protein expression. We also report alternative Parkin
transcripts in both ovarian cell lines and primary
tumors. Four of seven ovarian cell lines and four of 22
primary ovarian tumors were identified with a duplica-
tion/deletion of one or more Parkin exons. Additionally,
RT-PCR of Parkin on a panel of cell lines derived from
breast, cervical, kidney, and prostate cancers was
performed to determine if Parkin is genetically altered
in cancer types other than ovarian cancer. Heterozygous
whole exon duplications and deletions were detected in
both breast and cervical cancer cell lines. While in most
cases a normal Parkin transcript is present along with
the alternative transcript, we demonstrate in some
instances the complete absence of Parkin protein in
these cell lines. These data not only indicate that Parkin
may be genetically altered in a variety of different tumor
types, but also demonstrate striking similarities among
the CFS genes FHIT, WWOX, and Parkin. As a result,
these data suggest that like FHIT and WWOX, Parkin
may represent a putative tumor suppressor gene.

Results

Homozygous duplication/deletion (HD) screening

HD analysis was performed on a genomic DNA panel
consisting of six ovarian tumor-derived cell lines and 22
primary ovarian tumors for each of the 12 exons of
Parkin. Each primer set was run individually on the
panel and then run in a multiplex reaction with primers
unique to one of two markers mapping to the p-arm of
chromosome 6 (WI-6213 and WI-7023) for confirmation
(Table 1; data not shown). Both WI-6213 and WI-7023
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markers were initially tested on the DNA panel to
confirm the presence of these two markers in each DNA
sample examined (data not shown). None of the ovarian
cell lines or primary tumors examined exhibited an HD
for any of the exons analysed (data not shown).

HD screening

Hd mapping was performed using the quantitative
duplex PCR technique described by Hedrich et al.
(2001). Hedrich et al. (2001) used real-time PCR to
determine the gene dosage ratio of the Parkin gene as
compared to the reference gene beta globin (HBB) in
order to identify heterozygous deletions and/or duplica-

Table 1 Parkin homozygous deletion and alternative transcript
screening primers

Primer Primer sequence 5'—~3' Product
size (bp)

Exon 1* GCGCGGCTGGCGCCGCTGCGCGCA 112
GCGGCGCAGAGAGGCTGTAC

Exon 2 CTAACACATCGCCTCCT 536
ATCACAGCGAACTGGTC

Exon 3 CCCAGTTCAGTGTTGTTT 756
TTGGCATATCTAGCTIT

Exon 4° ACAAGCTTTTAAAGAGTTTCTTGT 261
AGGCAATGTGTTAGTACACA

Exon 5 ACATGTCTTAAGGAGTACATTT 227
TCTCTAATTTCCTGGCAAACAGTG

Exon 6 CTGACTCCGCTAAATGAC 759
ATAAAGCAGACACTCCCC

Exon 7* TGCCTTTCCACACTGACAGGTACT 239
TCTGTTCTTCATTAGCATTAGAGA

Exon 8 AGTGGCATGACATCCTAA 985
CCATATAGGGATCAAGAAAC

Exon 9 TCCCCCTACACACACA 349
CAAAAGCAAACAAGGAC

Exon 10 CTGGAAACATCTTGAGGG 369
GCTTGGAGGAATGAGTAGG

Exon 11 CTGACTGCCACTTATCCT 652
TACAAAACCAAACAATCTCT

Exon 12 GTTTGGGAATGCGTGTTTIT 2029
AGAATTAGAAAATGAAGGTAGACA

-Exons 1-6* CCAGTGACCATGATAGTGTT 600

TGATGTTCCGACTATTTGTTG

Exons 5-12° TGACCCAGGGTCCATCTT 1067
TTTTCATGGACATAGTGAAG

WI-6213 CATATGCTCCTTTATTTCTGTAAGG 260
TCCTAGGACTTTTCCTCAAGAGG

WI-7023 TCTGAGAGAAATGACTTGTGGG 274
ACAGTGCAAACACCACCAAA

*Primers used in a study by Hattori er al. (1998). *Primers used in a
study by Denison et al. (2003)
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tions of whole exons of Parkin in a subset of ARJP
patients. Gene dosage analysis of the six cell lines
identified four cell lines (OV202, OV177, OV207, and
OVCARS) with heterozygous PARK2 mutations. Of the
four cell lines, two (OV202 and OV107) were identified
as having an HD of one or more PARK2 exons. OV202
exhibited an HD for exon 1 (Parkin/HBB ratio of 0.8;
Table 2). OV177, however, exhibited HDs for both
exons 1 and 4 (Parkin/HBB ratios of 0.7 and 0.9,
respectively; Table 2). Alternatively, OV207 and OV-
CARS were identified as having heterozygous duplica-
tions of Parkin exons. OVCARS5 was identified as
having a duplication of exon 12 (Parkin/HBB ratio of
1.07; Table 2) while OV207 was identified as having a
duplication of exons 5, 8, and 12 (Parkin/HBB ratios of
0.7, 0.95, and 0.74, respectively).

Alternative transcript screening

In a previous article, we screened 22 primary ovarian
tumors using Parkin-specific primers designed to ampli-
fy exons 1-6 and 5-12 of Parkin. We subsequently
identified eight of the 22 different ovarian tumors with
possible Parkin alternative transcripts (Denison et al.,
2003). In this study, we extracted the observed
alternative bands and sequenced them to demonstrate
that the band was derived from Parkin. Sequencing of
the alternative PCR products determined that four of
the 22 primary ovarian tumors (354T, 526T, 103T, and
2707T) did exhibit alternative transcripts. The remaining
four alternative bands that were observed were not
derived from Parkin sequence. Tumors 354T, 103T, and
270T all exhibited a heterozygous deletion of exon 4.
Alternatively, 526T exhibited a heterozygous duplica-
tion of exon 2. For all four tumors, these alternative
transcripts were in the presence of a normal Parkin
transcript (Denison et al., 2003). Using the same Parkin-
specific primers, we also screened 22 nonovarian tumor-
derived cell lines (nine cervical, six pancreatic, four
prostate, and three renal) for the presence of Parkin
alternative transcripts (Table 1, Figure 1). Only six of
the 22 cell lines, two cervical (SW756 and SiHa) and
four prostate (LNCAP, LNCAP—, DU145, and PC3),
exhibited normal full-length Parkin transcripts (Figure 1,
Table 3). The remaining 16 cell lines (72.7%) were
identified as lacking a normal full-length Parkin
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transcript (i.e. did not produce a full-length PCR
product when cDNA was amplified using either the
1-6 or 5-12 Parkin primer sets) (Figure 1, Table 3). In
some instances, neither primer set produced a PCR
product (C-41, CFPAC-1, BXPC-3, and CAPAN-2),
indicating the complete absence of Parkin expression in
those cell lines. The remaining 12 cell lines were
identified as having truncated Parkin transcripts
(Figure 1, Table 3). Five cell lines (HeLa, MD751,
Caski, HT-3, and C-41) were identified as lacking a 5'-
end normal transcript. The other seven cell lines (ME-
180, ASPC-1, MIA, CAPAN-1, HTB-45, HTB-49, and
CRL-1933) lacked a 3'-end normal transcript.

Four of the 22 cell lines exhibited PARK? alternative
transcripts (Figure 1, Table 3). Two cervical (C33A and
ME180) and two pancreatic cell lines (CAPAN-1 and
CAPAN-2) were identified as having heterozygous
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Figure 1 Alternative transcript screening of RT-PCR products
obtained from cervical (a), pancreatic (b), prostatic (c), and renal
(d) cell lines. Each cell line was screened for possible Parkin
alternative transcripts using primers specifically designed to
amplify exons 1-6 (5') and exons 5-12 (3') of Parkin. PCR
products were gel extracted and sequenced to verify that the
observed products were derived from Parkin sequence. A normal
control (N), ladder (M), and ddH,O negative control (—) were
included in each reaction

Table 2 Real-time PCR deletion mapping in ovarian tumor-derived cell lines

Cell line  Ratio Parkin: Normal Het. del® Het.dup® Ex1 Ex2 Ex3 Ex4 Ex5 Ex6 Ex7 Ex8 Ex9 Ex10 Ex1l Ex12
HBB*

ovie7 0.93 0.8-1.2 0406 1416 0.85 0.83 0.94 0.93 1.09 1.00 0.94 0.85 1.02 0.86 1.07 1.11
ov177 1.47 12-1.8 0609 1925 07 1.25 134 0.9 1.05 15 1.12 1.07 1.1  1.34 125 15
0Vv202 1.31 10-16 0508 17-22 0.8 0.97 1.06 0.99 1.02 0.97 1.0 1.05 1.08 1.03 1.02 1.02
ov207 0.54 0406 0203 0.7-09 051 0.62 0.53 0.63 07 067 056 0.95 063 0.48 063 074
OVCARS 0.69 0608 03-04 09-12 067 0.72 066 069 08 07 072 08 075 0.66 075 1.07
SKOV3 1.03 08-1.2 0406 1.3-18 071 0.88 1.13 093 1.03 097 099 1.03 1.02 105 104 110

*The ratio of hybridization signals observed on interphase nuclei for BAC (RP1-179P19) containing exons 3 and 4 of the Parkin gene compared to
that of a BAC (264317) containing a portion of HBB. ®"Normal range adjusted for differences in copy number. “Heterozygous deletion range based
on copy number. “Heterozygous duplication range based on copy number. “Numbers in bold indicate either the duplication or deletion of that

particular exon
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Table 3 Alternative transcript screening of Parkin in 22 nonovarian
tumor-derived cell lines

Tumor type 5'-end (exons 1-6) 3'-end (exons 5-12)

Keratinocytes Normal +* +
Hela Cervical —=b

SW756 Cervical + +
MD751 Cervical —_ +
SiHa Cervical + +
Caski Cervical —— +
HT-3 Cervical —— +
C33A Cervical alt® +
C-41 Cervical - -
ME-180 Cervical + /alt¢ -
Pancreas Normal + +
CFPAC-1 Pancreas - -
BXPC-3 Pancreas —— —
ASPC-1 Pancreas + —_
MIA Pancreas + —_
CAPAN-1 Pancreas + /alt -
CAPAN-2 Pancreas - -
Prostate Normal + +
LNCAP Prostate + +
LNCAP- Prostate + +
DU145 Prostate + +
PC3 Prostate + +
Kidney Normal + +
HTB-45 Kidney + -
HTB-49 Kidney + -
CRL-1933 Kidney + —_

*Presence of a normal Parkin transcript. *Absence of a normal Parkin
transcript. “Presence of an alternative Parkin transcript. “Presence of
both a normal and an alternative Parkin transcript

deletions of Parkin exons (Figure 1, Table 3). ME180
was identified as exhibiting a heterozygous deletion of
exon 4, C33A exhibited a heterozygous deletion of both
exons 3 and 4, and CAPAN-1 and CAPAN-2 both
exhibited a heterozygous deletion of exon 5 (Figure 1,
Table 3). None of these cell lines produced a normal full-
length Parkin transcript.

Western blot analysis

To verify if Parkin expression was altered in primary
ovarian tumors and tumor-derived cell lines, we
performed Western blot analysis on seven primary
ovarian tumors (OVI111, OV270, OV465, OV470,
OV491, OV714, and OV854) and six ovarian tumor-
derived cell lines (OV167, OV177, OV202, OV207,
SKOV3, and OVCARS5) with the AB5112 PARK2
antibody produced by Chemicon (Temecula, CA,
USA). This antibody corresponds to amino-acid resi-
dues 303-523 of PARK?2 and yields a 44-52kDa band in
normal brain tissue. However, this antibody had never
been tested on any tissue other than brain. Horowitz
et al. (2001) have shown that the size of the Parkin
protein can vary between tissue types. Therefore, the
antibody was initially tested on protein extracted from
normal ovarian surface epithelium (OVSE) to determine
the size of the expected protein and to confirm the
expression level of Parkin protein in the normal surface
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Figure 2 Western blot analysis of six ovarian tumor-derived cell
lines (OV167, OV177, ON202, OV207, SKOV3, and OVCARS)
and seven primary ovarian tumors (OV470, OV491, OV854,
0OV270, OV111, and OV465). A Parkin polyclonal antibody and
a corresponding control actin antibody were used to screen the
tumors for the expression levels of Parkin protein. Normal OVSE
was also analysed to determine the normal levels of Parkin protein
expression in the OVSE

epithelium of the ovary. Contrary to what has been
observed using this antibody in normal brain tissue,
Western blot analysis of OVSE using the Chemicon
antibody produced a single Parkin band at 55-60 kDa.
Western blot analysis of the primary ovarian tumors
revealed that four of the six cell lines (66.7%) and five of
the seven tumors (71.4%) had either decreased or
complete absence of Parkin expression. Compared to
normal Parkin expression levels, the cell lines OV167,
OV177, OV202, and OV207 exhibited decreased levels
of Parkin expression. SKOV3 and OVCARS exhibited
normal Parkin expression levels. As for the primary
ovarian tumors, a downregulation of Parkin expression
was observed for OV270, OV470, and OV491, while a
complete absence of Parkin expression was observed in
OVI111 and OV465 (Figure 2). OV714 and OV854
exhibited normal expression levels of Parkin (Figure 2).

Discussion

CFSs are highly unstable genomic regions that are
apparently present in all individuals. While they are
characterized utilizing an in vitro assay of chromosomal
decondensation/breakage induced by inhibitors of DNA
replication, their in vivo significance is that they
predispose chromosomes to breakage and rearrange-
ment especially in developing cancer cells (Huebner
et al., 1998; Smith et al., 1998; Sutherland et al., 1998).
CFSs have also been shown to be important in the
process of gene amplification (Hellman et al., 2002).
The four most active of the CFS regions are FRA3B
(3p14.2), FRA16D (16q23.2), FRAXB (Xp22.31), and
FRAGE (6q26). Three of these regions, FRA3B,
FRA16D, and FRAGE, are consistently deleted during
the development of many different cancers including
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ovarian cancer. These three regions share many simila-
rities. Instability within each CFS region extends from
2.0 to 4.5Mb (Krumme! ez al., 2000; Becker et al., 2002,
Denison et al., 2003). The ‘center’ of each region of
instability, where the majority of decondensation/break-
age occurs, is only 500kb in size and does not
necessarily correspond with the physical center of the
CFS region (Becker et al., 2002; Denison et al., 2003).
Spanning the ‘center’ of these unstable regions are
extremely large genes that encode relatively small final
processed transcripts. FRA3B and FRAI16D also
appear to be highly conserved between humans and
mice. Both FRA3B and FRAI16D represent fragile
regions in the mouse, Fral4A2 and Fra8El, respectively
(Shiraishi et al., 2001; Krummel er al., 2002). Addition-
ally, the mouse orthologs of FHIT and WWOX (Fhit
and WoxI) also appear to have been conserved together
through evolution (Shiraishi et al., 2001; Krummel et al.,
2002). The FRAXB region is distinct from the other
three highly active CFS regions, as instability within this
CFS region extends for only 500 kb (Arlt ez al., 2002). In
addition, FRAXB has been shown to contain several
smaller genes including the 105 and 146 kb GS1 and STS
genes, but not extremely large genes (Arlt et al., 2002).
FRAXB is also derived from a chromosomal region that
is not consistently deleted in any tumor type.

An examination of multiple tumor types reveals that
deletions and alterations in FHIT and WWOX are
commonly observed in cancer (Druck et al, 1997,
Bednarek et al., 2001). However, these genes rarely
contain point mutations and only a single report of a

point mutation within FHIT exons has been described

(Gamma et al., 1997). Corbin et al. (2002) examined
FHIT/FRA3B homologues from cancer-derived cell
lines using somatic cell hybrids and found that there
were multiple heterozygous deletions even within one
cell line, suggesting that the large deletions result in
inactivation of both FHIT alleles. Since the genomic
regions spanning these two large genes are so large and
unstable, there has not been a comprehensive analysis of
genomic alterations in these regions in cancer. Analysis
of the proteins encoded by these CFS regions, however,
has determined that expression of these genes is
frequently lost in many tumor types including ovarian
cancer (Druck ef al., 1998; Bednarek et al., 2001).
While CFSs have been proposed to play a causal role
in tumorigenesis and/or cancer progression, it has been
unclear as to whether or not the chromosomal fragility
at these loci is the consequence or cause of tumorigeni-
city. The development and/or progression of cancer may
merely cause increased instability within the CFS
regions resulting in the loss of expression (LOE) of
genes localizing within the CFSs due to a bystander
effect. Alternatively, these genes may in fact play an
active role in cancer progression. Although the large
CFS-locus genes do not appear to be traditional
mutational targets like other tumor suppressor genes,
there is evidence to suggest that they functionally act as
tumor suppressors. Replacement of FHIT or WWOX
into cancer cells that do not produce them frequently
results in the inhibition of tumor growth or the
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induction of apoptosis (Druck et al., 1998; Bednarek
et al., 2001). FHIT —/— mice are much more susceptible
to tumor formation upon exposure to the mutagen
NMBA, but this can be inhibited by replacement of
FHIT into these mice (Ishii ez al., 2001).

Mutations in Parkin have been demonstrated to be
responsible for the pathogenesis of juvenile, early-onset,
and even late-onset Parkinson’s disease. These muta-
tions consist of point mutations, small deletions, exonic
duplications and deletions, and intron—exonic deletions.
All these result in amino-acid substitutions or the
premature truncation of the Parkin protein. However,
in contrast to most other disease-causing genes, the
majority of Parkin mutations consist primarily of exonic
duplications and deletions. Alterations have been
documented through the Parkin coding sequence, but
the majority of them localize between exons 2 and 8 of
Parkin (Kitada et al., 1998; Liicking et al, 2000;
Hedrich et al., 2001, 2002; Hoenicka et al., 2002; Kann
et al., 2002; Nichols et al., 2002; West e? al., 2002).

To further investigate potential alterations in Parkin
in ovarian cancer, we utilized a screening method
developed by Hedrich et al. (2001), which they employed
to search for heterozygous and homozygous deletions of
the Parkin gene in ARJP patients. This method allows
for the screening of all 12 Parkin exons by means of real-
time quantitative PCR (Hedrich ef al., 2001) and for the
identification of duplications and deletions that were
potentially undetectable using conventional PCR. He-
drich et al. (2001) demonstrated that their technique was
more sensitive than conventional screening at detecting
mutations in Parkin. In the screening of 21 ARJP
patients for mutations, single-strand conformational
polymorphisms and sequence analysis detected only
three different mutations, while the method developed
by Hedrich et al. (2001) detected seven. We used this
quantitative duplex PCR technique to analyse six
ovarian cancer cell lines for Parkin mutations. However,
due to the karyotypic variation frequently observed in
both primary tumors and tumor-derived cell lines, the
ratios used for the identification of alterations had to be
modified to reflect accurately the changes in the gene
dosage ratio of Parkin to HBB that could be attributed
to aneuploidy. We therefore performed fluorescence in
situ hybridization (FISH) on all six tumor-derived cell
lines to determine the ratio of observed hybridization
signals of Parkin to HBB. Based on these ratios, the
normal and aberrant gene dosage values (ranges) for
each individual cell line were recalculated and used for
the identification of deletions, as well as duplication of
Parkin exons (Table 2). Screening of the six ovarian
cancer cell lines revealed that four were heterozygous for
Parkin deletions. As was shown with ARJP patients, the
observed large deletions identified in the ovarian cancer
cell lines localized throughout the Parkin gene. Two cell
lines (OV202 and OV177) were found to have whole
exon deletions (exon 1 in OV202 and exons 1 and 4 in
OV177). In the case of OV177, it is likely that both
exons 1 and 4 are deleted from the same allele, as
previous RT-PCR analysis of OV177 revealed the
presence of a normal Parkin transcript (Denison ef al.,
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2003). Two other ovarian cancer cell lines, OV207 and
OVCARS, were identified as having whole exon
duplications (exon 5, 8, and 12 for OV207 and exon
12 for OVCARS). The presence of whole exon duplica-
tions/deletions in the Parkin gene is consistent with this
gene localizing to a region of instability and indicates
that instability in this region may promote the
rearrangement of the Parkin gene in both ARJP and
during cancer development.

While analyses of FRA3B, FRA16D, and FRA6E
demonstrate that each has been associated with a region
of high LOH and LOE for genes mapping within them,
functional studies have focused primarily on FHIT and
WWOX (Ohta et al., 1996; Druck et al., 1998; Le Beau
et al., 1998; Bednarek et al., 2000, 2001; Krummel ef al.,
2000; Mangelsdorf et al., 2000; Paige et al., 2000; Arlt
et al., 2002; Denison et al., 2003). Alternative tran-
scripts, typically consisting of whole exon deletions,
have been identified for FHIT and WWOX in both
tumor-derived cell lines and primary tumors (Druck
et al., 1998; Bednarek et al, 2001). These types of
alternative transcripts have also been identified for
Parkin in several different cancer types (Denison e? al.,
2003; this study). In this study, heterozygous whole exon
duplications and deletions were confirmed in both
primary ovarian tumors and tumor-derived cell lines
(discussed previously). Of the 22 primary tumors
analysed for alternative transcripts, four (18.2%) were
identified as having a duplication or deletion of a Parkin
exon. Three of the four tumors exhibited deletions for
exon 4 (103T, 354T, and 270T) while the remaining
tumor (526T) exhibited a duplication of exon 2.
Additionally, 22 nonovarian tumor-derived cell lines
(nine cervical, six pancreatic, four prostate, and three
renal cell lines) were also analysed for the presence of
alternative transcripts. Of the 22 cell lines analysed, 16
(72.7%) did not produce a normal full-length Parkin
transcript (Figure 1, Table 3); two cervical (SW756 and
SiHa) and four prostate cell lines (LNCAP, LNCAP—,
DUI145, and PC3) exhibited normal full-length Parkin
transcripts (Figure 1, Table 3). Four of the 16 cell lines
(C-41, CFPAC-1, BXPC-3, and CAPAN-2) were
identified as completely lacking Parkin expression. The
remaining 12 cell lines were identified as producing a
truncated Parkin transcript (Figure 1, Table 3). HeLa,
MD?751, Caski, HT-3, and C-41 did not produce a
normal 5-end transcript when cDNA was amplified
using primers specific to exons 1 and 6 of Parkin. ME-
180, ASPC-1, MIA, CAPAN-1, HTB-45, HTB-49, and
CRL-1933 did not produce a normal 3'-end transcript
when cDNA was amplified using primers specific to
exons 5 and 12 of Parkin.

A recent article by Cesari et al. (2003) has also
identified Parkin alterations in ovarian and lung cancers.
They performed mutational analysis of 20 ovarian
tumors and identified three (15.0%) with truncating
deletions. Cesari et al. (2003) also identified two lung
adenocarcinoma cell lines with homozygous deletions of
exon 2. Interestingly, the vast majority of the cell lines
and primary tumors identified as having a Parkin
mutation are the result of the duplication or deletion
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of an exon between exons 2 and 8, the center of the
FRAGE region.

Parkin is therefore the first CFS gene that is involved
in a disease other than cancer. As Parkin is a mutational
target in ARJP patients, most of the functional studies
of Parkin have focused on its role in neurodegeneration.
Parkin functions as an E3 ubiquitin ligase that facilitates
the degradation of misfolded and unfolded proteins
through the proteasomal system. As part of the
ubiquitin proteosome pathway (UPP), Parkin can
protect neurons from diverse cellular insults, including
alpha-synuclein toxicity, proteosomal dysfunction, Pael-
R accumulation and kainite-induced excitotoxicitity
(Zhang et al., 2000; Petrucelli et al., 2002; Darios et al.,
2003; Staropoli et al., 2003). Parkin also plays a central
role in maintaining dopaminergic neuronal integrity
(Feany and Pallanck, 2003). Parkin has been shown to
interact with actin (Huynh et al., 2000), but nothing is
known as to how loss of Parkin could contribute to
cancer development.

We have therefore found that the third large CFS
gene Parkin bears many similarities to FHIT and
WWOX. Our data combined with that of Cesari et al.
(2003) suggest that Parkin is a candidate tumor
suppressor gene. Large structural deletions within the
center of the FRAGE region are observed in ovarian
cancers and also in lung and other cancers. We have
demonstrated that loss of Parkin expression is fre-
quently observed in ovarian and other cancers, and
Cesari et al. (2003) also detected decreased Parkin
protein in breast and ovarian tumors and cell lines. We
are currently functionally characterizing Parkin to
determine what role it plays in the normal cell and
how loss of Parkin function might contribute to the
development of cancer.

What role might Parkin play in the development and/
or progression of cancer? If loss of Parkin promoted
tumorigenesis, there would be an increased incidence of
cancer in juvenile and early-onset Parkinson’s patients
with Parkin mutations. Alternatively, Parkin may be
involved in the processes of angiogenesis and/or
metastasis. Patients with Parkin mutations would there-
fore only have an increased susceptibility for cancer
progression and not tumorigenesis. In that instance, one
would not expect to see an increased incidence of cancer
in juvenile and/or early-onset Parkinson’s patients.
Currently, however, there are no data of the incidence
of cancer in these patients. The frequency of Parkinson’s
patients with Parkin mutations is in fact quite low;
therefore, it would be difficult to determine if these
patients do have a higher incidence of cancer. Therefore,
functional studies of Parkin will be necessary to further
elucidate Parkin’s potential role in cancer development.

Materials and methods

HD screening

Primers unique for all 12 exons were synthesized by the Mayo
Foundation Molecular Core Facility (Rochester, MN, USA)
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and tested on a DNA panel consisting of genomic DNA
isolated from seven ovarian tumor-derived cell lines and 22
primary tumors (Table 1). Genomic DNA was isolated from
the cell lines and the primary tumors using standard phenol-
chloroform methods. The PCR mix (12.5 ul reaction volume)
contained 20 ng of genomic DNA, 1 x PCR buffer (as supplied
with enzyme), 200 uM dNTPs, 200 uM forward primer, 200 uM
reverse primer, and 0.1 U Taq polymerase (Promega, Madison,
WI, USA). The conditions for amplification were: 95°C for
3 min, then 35 cycles of 95°C for 30s, 55-61°C for 30s, and
72°C for 30s with a final extension of 72°C for 10min. All
reactions were performed in duplicate to validate results.
Additionally, any identified exonic HD was re-evaluated by
using the exon-specific primers in a multiplex reaction, with
specific primers for one of two markers localizing to the p-arm
of chromosome 6 (WI-6213 and WI-7023; Table 1). These
multiplex reactions were also run in duplicate to ensure
reliability of the PCR results.

HD screening

Owing to the potential normal tissue contamination of the
primary tumors, only the ovarian tumor-derived cell lines were
analysed for possible HDs. Gene dosage analysis was
performed by means of a quantitative duplex PCR assay of
all 12 exons of Parkin on the LightCycler (Roche Diagnostics,
Indianapolis, IN, USA) using the fluorescence resonance
energy transfer technique in a quantitative duplex PCR assay.
In brief, the HBB gene was coamplified with each individual
Parkin exon and served as an internal standard. For primers,
probes, and details of the method, see Hedrich et al. (2001).
The following reagents were used for amplification in a 10 ul
reaction: 1zl Hybridization FastStart Mix (Roche Diagnos-
tics, Indianapolis, IN, USA), 2-4.5mM MgCl,, 0.2 uM of each
hybridization probes (one pair of 3'-fluorescein and 5'-Light-
Cycler Red 640 for Parkin), 0.5-1.0 uM of each primer, and
1-15ng of DNA. A standard curve was generated using
human genomic DNA (Roche Diagnostics, Indianapolis, IN,
USA) in concentrations of 5, 1.25, and 0.3125ng/ul, respec-
tively. All standards (and samples) were amplified in duplicate,
followed by calculation of a regression curve, based on which
sample concentrations were inferred and accepted only when
within the range of the standard templates. All detected gene
dosage variations were confirmed at least twice.

Hedrich et al. (2001) determined that the normal gene
dosage ratio for any Parkin exon as compared to HBB ranged
from 0.8 to 1.2. Dosage values of less than 0.4, from 0.4 to 0.6,
and 1.3 to 1.7 were identified as representing a homozygous
deletion, heterozygous deletion, and a heterozygous duplica-
tion, respectively, for that particular Parkin exon (Hedrich
et al., 2001). These ratios/ranges were based on the assumption
that a normal ratio of Parkin to HBB would equal 1.0+20%,
whereas a deletion would be reflected by a ratio of 0.5+20%.
However, they did not define a heterozygous duplication as
1.2-1.8 because it would not allow for a clear differentiation
between a ‘high normal’ and a ‘low duplication’ ratio. The use
of a ratio of 1.3-1.7 allowed for a more conservative estimate
of heterozygous duplications.

These ratios, however, specifically reflect the gene dosage
levels for karyotypically normal individuals. Karyotypic
analysis of primary tumors as well as tumor-derived cell lines
has demonstrated that most cancers are aneuploid with
variation in both chromosome number and structure (Knud-
son, 2001). Therefore, we modified the gene dosage ratios
described by Hedrich ef al. (2001) to reflect accurately the
changes in the gene dosage ratio of Parkin to HBB that could
be attributed to the observed karyotypic variation observed
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among the cell lines. We performed FISH using two bacterial
artificial chromosomes (BACs), one containing a portion
(exons 3 and 4) of Parkin and the other containing a portion
of HBB, and hybridized them to interphase nuclei obtained
from each cell line (Figure 3). A total of 50 interphases were
analysed for each of the six different cell lines to determine the
average number of Parkin and HBB hybridization signals
observed per metaphase. Based on the average number of
signals per metaphase, the ratio of observed hybridization
signals of Parkin to HBB was determined for each individual
cell line (Figure 3, Table 2). This ratio was then used to
calculate the expected normal and aberrant gene dosage values
(ranges) for each cell line. For example, the ratio of observed
hybridization signals of Parkin to HBB for the cell line OV177
was determined to be 1.47. Therefore, the expected range
values for OV177 should be 1.47 times greater than that of a
karyotypically normal cell. As a result, the normal range for
OV177 should be 1.2-1.8 (versus 0.8-1.2) and the ranges for a
heterozygous deletion and heterozygous duplication should be
0.6-0.9 and 2.1-2.4, respectively. The modified values for each
cell line are provided in Table 2.

Fluorescence in situ hybridization

Metaphase/interphase preparations were obtained from ovar-
ian tumor-derived cell lines grown in a T75 tissue culture flask
under the appropriate tissue culture conditions. Cultures were
incubated at 37°C in 5% CO, until the flask reached
confluency. Cell harvest and metaphase preparations followed
routine cytogenetic techniques.

Three different BACs were used to determine (1) whether
any of the six ovarian cell lines exhibited aneuploidy for
chromosome 6 and (2) the Parkin dosage levels for each
particular cell line. These three probes included a centromere
probe specific to chromosome 6, RP-1 179P19 (a BAC
containing a portion of exons 3 and 4 of Parkin), and CTD-
264317 (a BAC containing a portion of HBB).

For clones 179P19 and 264317, 1 ug of purified DNA was
labeled with biotin-16-dUTP (Boehringer/Roche, Indianapo-
lis, IN, USA) by nick translation, precipitated and hybridized
to the interphase chromosomes according to the protocol
described by Verma and Babu (1995). The chromosome 6
centromere probe was prelabeled with a cyan fluorochrome
and therefore did not require labeling with biotin-16-dUTP
and could be directly hybridized to interphase chromosomes.
Probe detection for the remaining BACs followed minor
modifications of the manufacturer’s protocols (Ventana
Medical Systems, Tucson, AZ, USA). Chromosomes were
counterstained with DAPI. Photomicroscopy was performed
using a Zeiss Axioplan 2 fluorescence microscope and the
IPLab Spectrum P software (Scanalytics Inc., Fairfax, VA,
USA). A minimum of 50 interphases were analysed for each
individual ovarian cell line.

Mutation analysis — RT-PCR

RT-PCR products were obtained from total RNA extracted
from each sample (Table 2) using Trizol reagent (GibcoBRL,
Rockville, MD, USA) following the manufacturer’s instruc-
tions. For each reaction, DNA was eliminated by treating 5 ug
of total RNA with RNase-free DNase for 30 min at 37°C and
the DNase inactivated by incubating the reaction for 10 min at
90°C. Reverse transcription of DNase-treated RNA was
performed following the manufacturer’s protocol (GibcoBRL,
Rockville, MD, USA).

Parkin-specific primers were designed to amplify exons 1-6
and 5-12 using the Oligo 6.4 software (Molecular Biology
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Insights) (Table 1). The PCR samples (20 ul total volume)
contained 50-100ng of reverse-transcribed cDNAs, 1 x PCR
buffer (as supplied with cnzyme), 0.5 mM BSA, 200 um dNTPs,
4mM MgCl,, 750 uM forward and reverse primers for the
specific genes, and 0.1 U Platinum Tug polymerase (Invitrogen,
Carlsbad, CA, USA). The conditions for amplification were:
95°C for 3min, then 35 cycles of 95°C for 30s, 55-61°C for
30s, and 72°C for 30s with a final extension of 72°C for
10min. PCR reactions were electrophoresed on a 2.0%
agarose gel. The PCR products were gel extracted using the
QIAquick gel-extraction kit (Qiagen, Valencia, CA, USA) and
sequenced by the Mayo Foundation Molecular Core Facility
(Rochester, MN, USA).

Western blot analysis

For immunoblotting, proteins were extracted from normal
OVSE, six ovarian tumor-derived cell lines (OV167, OV177,
0OV202, OV207, SKOV3, and OVCARS3), and seven primary
ovarian tumors (OV470, endo, 3C; OV491, endo, 4; OV714,
endo, 3C; OV854, serous, 1A; OV270, serous, 3C; OVI11],
endo, 3C; and OV465, endo, 3C). Tissue was incubated in lysis
buffer (25mM Tris-phosphate, 2mM DTT, 2mM diaminocy-
clohexane N,N,N',N'-tetraacetic acid, 10% glycerol, 1%
Triton X-100, 5mM PMSF) and homogenized using Dounce
homogenizer. The supernatant was collected by centrifugation
at 13000r.p.m., 10 min, 4°C, and the protein concentration
was determined using the Bradford assay. All cells were
washed three times with DPBS and then lysed in buffer (same
as above) for 5min. After centrifugation for 10min at
13000r.p.m., the supernatant was collected and the protein
concentration was determined using the Bradford assay. Cell
lysates (containing 50 g of protein) were resolved on 10%
SDS-PAGE and processed according to standard protocols.
The antibodies used were a Parkin polyclonal antibody and a
corresponding control actin antibody. The sccondary anti-
bodiecs (anti-rabbit or anti-mousc) conjugated to horseradish
peroxidase (dilution 1:5000). Signals were detected using the
ECL system (Amersham Pharmacia Biotech, Piscataway, NJ,
USA).
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